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On the Supposed Ptu'i'i-segmentcd Innervation of Muscle Fibres. 

By L. N. Katz.* 

(Communicated by Prof. A. V. Hill, F.R.S. — ^Received July 23, 1925.) 

(Erom the Department of Physiology, University College, London.) 

Cattell and Stiles (1) have recently claimed to show that the majority of 
skeletal muscle fibres, at . least in frogs, have a pluxi-segmental innervation. 
The existence of a similar innervation in mammalian muscle fibres has also 
been asserted by Agduhr (2). 

The evidence supporting this theory falls into two categories. The first is 
based on the histological findings after Wallerian degeneration has occurred 
in the axons rising from one spinal segment. In such cases muscle fibres 
were found in which one axon and motor end-plate showed signs of degeneration, 
and the other, when two were present, did not. Agduhr, who made the obser- 
vation, concluded that the degenerated axon came from the segment whose 
motor roots he had cut 56 to 144 hours previously, and the undegenerated 
axon from another spinal segment. He was careful, however, to point out 
in his last paper that the total number of such doubly (or trebly) innervated 
fibres could not be adduced from his experiments. 

These observations are liable to the criticism that the time allowed for the 
*^egeneration was not long enough to allow one to assume with certainty that 
degeneration had occurred in all the axons coming from the severed motor 
root. Even, however, if we admit the validity of i^duhr’s^ observation, we 
cannot be certain whether this pluri-segmental innervation obtains in most 
of the fibres or is merely a chance variation. Kulchitsky (6) has recently 
* Fellow in Medicine of the National Research Council, U.S.A. 
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expressed the opinion that every muscle fibre, at least in the frog, is supplied 
with only one terminal apparatus (motor), and that this, regardless of how 
complex it may be, comes from one nerve fibre. 

The second line of evidence is based on the work done and the tension de- 
veloped by a muscle (a) when one of the motor roots from which it is hmervated 
is stimulated, and (b) when the complete nerve is stimulated. Douglas and 
Grotch (4) showed that the stimulus which gave a maximal response of the 
gastrocnemius when applied to the sciatic nerve of a muscle-nerve preparation 
only produced a sub-maximal response when applied to one of the roots from 
which the sciatic nerve is formed. Agduhr (2) found the same thing in the 
fore-limb muscles of the cat : he noted, however, that the force of the con- 
traction obtained by stimulating the various motor roots separately exceeded 
the contraction given by stimulating them all at the same time. Cattell and 
Stiles (1) repeated the experiment on frog’s muscle-nerve preparations, and found 
that the sum of the tensions developed in an isometric tetanus, on stimulating 
each of the nerve roots separately, exceeded the tension developed when the 
entire sciatic nerve was excited. The ratio had an average value of 1*7 to 1. 
They concluded that 50 per cent, of the nerve fibres innervate 86 per cent, 
of the contractile units, in other words about 70 per cent, of the muscle fibres, 
have a double segmental innervation. 

This latter line of evidence, however, is not above criticism, since work and 
tension are not necessarily additive quantities in the sense of being directly 
proportional to the number of muscle fibres excited. In a muscle such as the 
gastrocnemius, the fibres are not parallel but run in a complex series of twisted 
curves, each for a distance considerably less than the full length of the muscle. 
The tension developed in a contraction is the resultant and not the sum of the 
individual tensions of the elementary fibres. When only a small number of 
the fibres are active, especially if l 3 dng close together in the muscle, they will 
tend to exert a force in a direction lying more or less along their mean position* 
They will bulge the rest of the muscle out so that the contracting element will 
tend to lie along the line joining the upper and lower tendons. When, however, 
the whole muscle contracts, such a change of position will not be able to occur, 
the various fibres pulling in a variety of directions will exert a resultant force 
by no means equal to the sum of the forces of the several fibres. The mean 
direction of the contracting fibres of any particular section of the muscle may 
be able to turn itseH parallel to the long axis of the muscle as a whole when 
one nerve root alone is stimulated, whereas when both sections of the muscle 
are stimulated together, each may to some extent be pulling against the other, 
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and the resultant force in the direction of the muscle as a whole may be less. 
It is possible, therefore, to suppose that the result described by Cattell and 
Stiles may be due not to any pluri-segmental innervation, but to the minute 
structure of the muscle. 

It seemed desirable, therefore, to test the theory of pluri-segmental innerva- 
tion by a method which measures a qusintity directly proportional to the 
number of muscle fibres participating in the contraction. A determination of 
the heat offers a ready method of doing this. The objections which may be 
raised against the use of tension, or height of contraction, as criteria of the 
number of fibres contracting do not apply to this method, since heat has no 
directional quality and depends, when the contraction is isometric and the 
initial length constant, only on the number of fibres participating actively 
in the contraction. 

The experiments of Cattell and Stiles were repeated in this investigation, but 
with the difference that heat was measured ses well as tension, A special ther- 
mopile was constructed for the purpose, mounted in a chamber on the lines <5f 
the one described by Fenn (5), The essential parts of the apparatus are shown 
in the figure. The thermopile proper, which is conical in shape, is in the upper 
vulcanite shelf C. It is 1 cm. long, with an opening at the bottom of 5 mm. 
diameter and tapering towards the top, where the opening is 2 mm. in diameter. 
These dimensions were found by trial to give the best fit to the distal portion 
of the belly of the gastrocnemius of medium-sized frogs. The thermopile 
Contains 24 constantan-silver couples wound round a thin vulcanite cone, 
its resistance being 12 ohms. A vulcanite rod F is fitted in the lower shelf D ; 
in the top of this rod is a hole H to receive the femur of the muscle-nerve 
preparation. The screws J and K secure respectively the femur in the holder 
and the latter in the shelf in the position desired. The holder does not lie 
along the axis of the thermopile, but a few millimetres to one side, since it was 
found by trial that the best fit of the gastrocnemius in the thermopile is obtained 
in this way. Four glass tubes, L, M, IT and P, pass through the rubber bung. 
The central one, IT, which is in line with the thermopile, allows the thread 
attached to the tendon of the gastrocnenaius to pass out to the tension lever. 
The two tubes, L and M, contain the wires leading from the two pairs of 
platinum electrodes, e, e, on which the two roots of the sciatic nerve are laid 
to the terminals, E, E, E, E. These electrodes are adjustable ; as a rule they 
are placed IJ to 2 cms. apart. The fourth tube P contains the wire leads of 
the thermopile running to the terminals T, T, and also carries the vulcanite 
block containing the thermopile. The entire apparatus is fitted into a large 
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Diagram of Thermopile (J actual size). 
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tube or bottle, wHcb serves as a “ moist chamber,’’ and submerged beneath 
well-stirred water in a large Dewar flask* 

The tension developed was recorded on smoked paper by an isometric tension 
lever of fairly short period. In the earlier experiments a Pasehen galvano- 
meter was employed ; in the latter a modified Broca, as described by Downing(6). 
The galvanometers were critically damped^ the deflection times when employ- 
ing the thermopile being about 4 to 6 seconds, and the sensitivity about 5 
ampkes per millimetre on the scale. In many of the experiments, additional 
resistance had to be used in order to reduce the size of the deflection. 

After the usual interval from the time of setting up the apparatus the two 
component parts of the sciatic nerve were stimulated with a tetanising current 
of short duration (1 /20th to second) from a Porter coil. The duration of the 
stimulus was regulated either by a Keith-Lucas rotating contact-breaker (for 
the longer tetani), or by a Keith-Lucas spring pendulum contact-breaker (for 
the short tetani). The current was directed to either of the two nerve com- 
ponents or to both in series by means of a mercury commutator to which the 
platinum electrodes were connected. The strength of the current was so regu- 
lated that a maximal response was obtained when both roots of the sciatic 
nerve were stimulated simultaneously. The isometric lever was so adjusted as 
to give a small initial tension in the muscle. 

A series of readings was then taken, the usual order of stimulation being 
(1), both components together, (2) component A, (3) component B, (4) both 
components together, &c. The results were not converted into absolute unitSy 
but left as scale divisions for heat and fiftieths of an inch for tension. The 
readings obtained with each preparation were tabulated and averaged ; thQ 
averages were then converted into percentages, the heat and tension developed 
when both components were stimulated together being the standard 100 per 
cent. A long series of observations was made in each experiment. 

The results of 16 experiments on 16 different preparations are given ^in 
Table I. 

This table shows that whereas the sum of the tensions obtained by stimu- 
lating the two components separately is considerably more than the tension 
obtained by stimulating both together, thus confirming Cattell and Stiles, the 
sum of the heats is almost precisely equal to the heat obtained by stimulating 
both components together. On the average (Ta + Tb) exceeds the tension 
obtained by stimulating both together by 41 per cent., wHch excess is not ^ 
gre^tt. as that given by Cattell and Stiles, and there is a great variability ficom 
one preparation to another, the figures ranging from 17 per centi’to 77 >pdr 
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Table 1. 

Ha = average heat on stimulating component A. 

Hb = average heat on stimulating component B, 

100 = average heat on stimulating A and B together. 
Ta = average tension on stimulating component A. 


i-B 'JJ 9? 

100= „ „ „ A and B together. 


Exp; No. 

Ha. 

Hb 

Ha + Hb. 

Ta. 

Tb 

Ta 4- Tb, 

1 

27 

72 

99 , 

51 

86 

137 

2 

47 

64 

111 

82 

95 

177 

3 

35 

53 

88 i 

54 

63 

117 

4 

34 

62 

96 

67 

90 

157 

5 1 

6 

86 

92 

— 

— 

— 

, 6 . I 

12 

97 

109 

22 

100 

122 

7 

11 

85 

96 

— 

— . 

— 

8 

13 

84 

97 

— , 

— 

— 

9 

33 

80 

113 

— 

— 

, — 

10 

29 

82 

111 

42 

81 

123 

11 

30 

71 

101 

60 

80 

140 

12 

24 

73 

97 

54 

85 

139 

13 

44 

62 

106 

76 

80 

156 

14 

17 

81 

98 

70 

89 

159 

15 

33 

71 

104 

45 

85 

130 

16 

17 

81 

98 1 

57 

74 i 

1 

131 

Average 

26 

75 

101 ! 

i 

57 

84 

1 

141 


cent. If these figures were an index of the number of fibres doubly innervated 
they would mean that anything from 17 to 77 per cent, of the muscle fibres 
have a pluri-segmental innervation. The results, however, which were obtained 
in the same way by a measurement of the heat, preclude such an interpretation, 
for here (H + Hb ) is only 1 per cent, greater, on the average of 16 prepara- 
tions, than the heat obtained by stimulating both components together. 

We may conclude, therefore, that the excess of tension found in the case 
of separate stimulation is due to some characteristic which does not affect 
the heat, and it is natural to attribute this to the vector quality of the mechanical 
response. We may further conclude that there is no evidence of a double 
segmental innervation of the muscle fibres of the gastrocnemius of the frog.* 

Summary. 

The finding of Cattell and Stiles is confirmed that in the frog, when the two 
components of the sciatic nerve are stimulated in succession in an isometric 

* Beritoff's (7) results, if true, must have another explanation than the one he gives 
in view of these findings. 
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tetanus, the sum of the tension developed is considerably greater than the 
tension produced when both components are stimulated simultaneously. 

Their claim that this indicates that the majority of the muscle fibres in the 
frog’s gastrocnemius are innervated from more than one spinal segment is 
criticised. An alternative explanation is suggested, based on the fact that the 
resultant of two forces is not necessarily their sum. 

A crucial test was applied to the theory of pluri-segmental innervation by 
repeating Cattell and Stiles’s experiments, employing the heat production as a 
criterion of the number of muscle fibres activated. Heat has no directional 
quality, and the deflections obtained should be simply additive, provided that 
the contraction is isometric and the initial tension constant. 

A special thermopile was constructed for the purpose. 

The total heat developed on stimulating the two components of the sciatic 
nerve separately is the same, within experimental error, as the heat produced 
when the two components are stimulated simultaneously. This indicates that 
there is no pluri-segmental innervation of frog’s muscle fibres apart from 
possible infrequent and chance variations. 

It is a pleasure to acknowledge my indebtedness to Prof. A. V. HiE for his 
suggestion of this research, and for his interest in the work, to Mr. A. C. 
Downing for constructing the thermopEe used and for supplying me with the 
drawing of it which is given in the text, and to Mr. Downing and Mr. J. L. 
Parkinson for their assistance. 

During the progress of this research we learned that Mir. J. F. Fulton, at Oxford, was also 
investigating the same subject. It is interesting that he has reached independently, and 
on different grounds, the same conclusion as arrived at here (8). 

After this paper was written an article by De Boer appeared on the same subject in the 
* Joiimal of Physiology ’ (vol. 60, p. 214, 1925). Although his conclusions agree with ours, 
his evidence is not entirely above criticism ; for it might be argued that the veratrine acts 
not on the muscle fibre itself but on the nerve endings, in which case his findings would 
only prove that fatigue of some nerve endings does not affect the character of the response 
of the rest, which Cattell and Stiles have already shown. His results, therefore, do not 
eliminate the possibility that the muscle fibres have a pluri-segmental innervation. 
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Lactic Add in Mammalian Cardiac Muscle. — P art L The 

Stimulation Maximum. 

By L. K Katz* and C. N. H. LoNG.f 

(Communicated by Prof. A. V. Hill, F.B.S. — Received July 26, 1925.) 

(From the Department of Physiology, University College, London.) 

Introduction . — ^Hie earlier work of Fletcher and Hopkins (1), and the more 
recent researches of A. V. Hill (2), Meyerhof (3) and their collaborators on the 
r61e of lactic acid in muscular contraction, have shown that oxygen is not 
required for the production of lactic acid, but only for its removal during the 
recovery process. This fact, coupled with the ability of a skeletal muscle to 
respond to stimulation until its lactic acid content is many times the resting 
value, enables the skeletal muscle to draw on its future supply of oxygen and 
to go into ** oxygen debt.” The question naturally arises, are these facts also 
true of the heart muscle ? Can the heart respond to stimulation when it has 
accumulated as large a concentration of lactic acid as is found in the skeletal 
muscle ? In other words, How does the stimulation maximum of lactic acid 
of the heart compare with that of the skeletal muscle ? 

A priori certain differences might be expected in view of the differences in 
the activity and nutrition of cardiac and skeletal muscles. In the first place 
the heart is not called upon to increase its energy output to anything like the 
extent of the skeletal muscle ; nor does the heart have any long periods of com- 
parative rest. It is always active and is contracting roughly one-third of the 
time. In addition the heart is provided with a very efficient circulation and 
has the first call on the oxygenated blood. For these reasons there seems 
to be no apparent need for the heart to have the ability of accumulating lactic 
acid to the same extent as the skeletal muscle ; indeed, in view of the necessity 
for its constant activity, it would seem dangerous for it not to possess a 
mechanism by which the removal of lactic acid keeps pace with its production. 

With this in mind we have made (1) a comparison of the effects of oxygen 
lack for a short interval on these two tissues, and (2) a determination of the 
stimulation maximum of lactic acid in both types of muscle. 

* Fellow in Medicine, National Research Council, U.S.A. ' * 

t Working on behalf of the Industrial Fatigue Board, Medical Research Council. 
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I. — The Effect of Oxygen Lack on the Contraction op Mammalian 
Cardiac and Skeletal Muscle. 

Method , — Observations were made both on isolated mammalian preparations 
and on decapitated animals : 28 experiments were performed on 10 animals 
(two rats, six rabbits, and two cats). 

Eats and rabbits were used for tbe isolated preparations. Tbe animal was 
killed in the usual way by a blow on the back of the neck, and the auricle or 
ventricle to be used was quickly removed and placed in oxygenated Einger- 
Locke solution kept in a bath at 37® C. This was done by one of us while the 
other removed as quickly as possible one or more of the thin muscles from the 
forelimb and placed it in the same Einger-Locke solution. The two tissues 
were then placed in two separate cylinders containing oxygenated Einger- 
Locke solution and kept at 37® C. in a water bath. The arrangement was such 
that, when necessary, oxygen or nitrogen could be bubbled through the solu- 
tions. The chambers could also be rapidly and simultaneously emptied and 
refilled with fresh Einger-Locke solution. This was done when the gas was 
changed, so that there should be no delay in the response due to residual gas 
dissolved in the solution. The muscles were attached to light isotonic levers 
and were stimulated with break shocks through platinum electrodes at rates 
varying from 40 to 100 per minute. 

It was found that even with the greatest care the skeletal muscle preparation 
would not keep in good condition for more than a short time : consequently, 
the observations were repeated on decapitated cats and rabbits. Sherrington’s 
method of decapitation was used (we are indebted to Dr. N. B. Dreyer for 
demonstrating the technique). Artificial respiration was instituted, the chest 
opened and the heart freed from its pericardium. The records of the ventricular 
contraction were made by attaching the apex to an ordinary lever. Cotton 
wool was loosely packed beneath the heart to prevent the shifting of its base 
with respiration and the consequent distortion of the records. The gastrocne- 
mius muscle of one of the limbs was exposed and freed from its surroundings, 
care being taken not to damage the blood supply. The tendon was cut and 
fastened to a lever ; the knee and ankle joints were clamped to render the 
limb immobile. The heart and muscle were then stimulated as in the isolated 
preparations. The electrodes on the heart were placed on the auricles in 
the region of the sinus node, and so arranged that they moved with the heart 
and so offered no impediment to its contraction. In some experiments the 
heart was not stimulated but allowed to beat naturally. One or more electric 
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bulbs was pkced about 6 in. from the muscle and heart to keep them warpi. 
Care was taken that the muscles did not become dry. 

The experiment itself in the case of the isolated preparations consisted in 
shutting ofi the oxygen supply, quickly changing the Ringer-Locke solution 
in the two chambers, and then bubbling nitrogen through the fresh solutions. 
In some experiments the oxygen supply was merely cut ofi, the Ringer-Locke 
solutions not being changed. In the decapitated animals the same effect was 
produced by shutting ofi the artificial respiration. 

Results.— The records obtained in this way, although not demonstrating 
any new principles, do show the difierences in the behaviour of heart and 
skeletal muscle when exposed to conditions of oxygen want. The following are 
a few typical examples. 

Kg. 1 was obtained on isolated preparations of a rabbit’s heart and skeletal 



I^G. 1 (reduced f).’---Myograms of isolated preparations of rabbit’s auricle and skeletal 
muscle stimulated 110 times a minute, showing the effect of oxygen lack for a short 
period of time. 

muscle. The heart was beating spontaneously, but on commencing the 
stimulation it responded to each stimulus. On turning ofi the oxygen the 
amplitude of the heart beat quickly decreased, but recovered equally quickly 
when the oxygen was turned on again. It will be noted that the skeletal 
muscle was unaffected by these changes and continued to respond quite as 
well in the absence of oxygen as it did in its presence. 

Fig. 2 is from an experiment on a decapitated cat. Here both muscle and 
heart were stimulated 80 times a minute with break shocks. The results 
obtained here are identical with those in fig. 1, i.e., rapid dilatation and failure 
when respirations ceased, and equally rapid recovery when the artificial respira- 
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tion was started again. The muscle as in the previous experiment was 
unaffected by the cutting off of the artificial respiration. 



A8ROFF 


HEART 



2 (reduced J). — ^Myograms of heart and skeletal muscle (decapitated cat) stimulated 
80 times a minute, showing effect of oxygen lack for short period of time. 

Fig. 3 is also from a decapitated cat. In this experiment the muscle was 
stimulated 100 times a minute, while the heart was allowed to beat with its 
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3. — Same as fig. 2, except that heart was beating naturally. 
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own rlxytliin. The skeletal muscle showed a typical fatigue curve with an 
initial treppe.” The slope of the fatigue curve was unaffected by the cutting 
off of the oxygen supply. The heart on the other hand first beat irregularly 
and extra systoles appeared, then it slowed and stopped, and in this case took 
a long time to recover, probably because the asphyxia had been carried too far. 

The differences were equally striking to the eye. The heart, whether 
stimulated or beating naturally, was always affected in a short time by the 
cutting off of its oxygen supply. Its contractions became feebler, it dilated, 
and conduction was so slowed that in many cases a peristaltic wave could 
be seen to pass over the ventricles instead of the normal synergic contrabtion. 
In the naturally beating heart the rate decreased extra systoles were present 
and block of varying degrees appeared. The heart recovered almost as soon 
as the oxygen supply was turned on again, unless the asphyxia was continued 
until diastolic standstill or ventricular fibrillation occurred. In contrast, the 
skeletal muscle showed hardly any changes while these were occurring in the 
heart. 

These observations are not new, but so far as we know no previous attempt 
has been made to compare the effect of oxygen lack on these two tissues in 
the same animal and under comparable conditions. When such a direct 
comparison is made the difference is very obvious. There can be no doubt 
that the heart is more dependent on its contemporary supply of oxygen than 
skeletal muscle, which, for such short intervals of time, is quite independent 
of its presence or absence, 

II.— The Lactic Acid Stimulatioit Maximum of Mammaliak Heart and 

Skeletal Muscle. 

If tiie heart be dependent on its contemporary supply of oxygen to such an 
extent as the above observations show, then it cannot go into debt for large 
amounts of oxygen and cannot accumulate much lactic acid before ceasing 
to function properly. This being so, the stimulation maximum of lactic 
acid in the heart should be much less than in the skeletal muscle, in which 
values ranging from 0-2 to 0-3 per cent. (1, 4) are readily obtained* We 
have, therefore, made a comparison of the lactic acid stimulation maximum 
in the heart and skeletal muscle. 

Methods — ^The animals (cats and rabbits) were angesthetised, in the early 
experiments with ether, in the later ones with ether and chloralose. They 
were then decapitated, either by Sherrington’s method or by one which we 
devised. In the latter method the chest was opened, artificial respiration 
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instituted and the vessels to the head quickly clamped and tied off ; first the 
arteries coming from the arch of the aorta, and then the superior vena cava 
and azygos vein. In this way the circulation to the brain was interrupted, 
and after a gasp or two the animal was physiologically decapitated, When 
ether alone was used a bottle of it was placed in the circuit of the artificial 
respiration apparatus until the operation was completed. There seems to be 
less shock in the latter method than in Sherrington ^s. 

After the decapitation one gastrocnemius muscle was removed as a control. 
In some experiments the control muscle was removed before decapitation. 
After removal of the muscle the femoral artery of that limb was clamped. The 
second gastrocnemuxs was prepared and stimulated as before described. The 
tendon, however, was not cut, no record was obtained, and the contractions 
were made as isometric as possible by clamping the limb and paw in a suitable 
position. In most of the experiments the muscle was stimulated with break 
shocks at rates from 70-200 per minute. In two experiments a short tetanus 
was used ii>stead. The platinum electrodes were in most cases fastened directly 
into the muscle, and when the latter showed signs of fatigue they were moved 
into a different position. This was repeated, and the secondary of the induction 
coil was gradually advanced as the muscle became tired, until no further response 
was obtained. In three experiments the muscle was stimulated indirectly 
through the sciatic nerve. When completely fatigued the muscle was removed 
and its lactic acid content determined. In most experiments the circulation 
to the muscle was intact until the latter was removed, but in a few cases the 
femoral artery was clamped immediately before removal. 

The next step in the experiment was to fatigue the heart. In order to do this 
the descending aorta, or in many cases the ascendmg aorta, was tied off, so that 
the heart for practical purposes was pumping blood only through the pulmonary 
circuit and its own arteries. The artificial respiration was then stopped, .and 
when the heart showed signs of fatigue it was stimulated through the platinum 
electrodes until it no longer responded. In four experiments only were we able 
to exhaust the heart without asphyxia, in two instances anoxemia was induced 
with cyanide (1/1,000), and in two others adrenaline (1/10,000) was injected to 
speed up the heart rate. When the ventricles had ceased to contract the heart 
was removed and the lactic acid content of the ventricular muscle determined. 

The Estimation of Lactic Acid in the Muscles . — It is not an easy matter to 
obtain accurate and reliable estimatioi^ of the lactic-acid content of muscles, 
particularly of mammalian muscles. As soon as a muscle is deprived of its 
oxygen supply, or is injured in any way, lactic acid is rapidly formed. Fletcher 
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and Hopkins (1) were the first to point out, in the case of amphibian muscle, the 
errors to which a neglect of this fact may lead. Alcohol is an admirable kilhng 
agent, but its use for this purpose is one of the best ways of causing the p)st 
mortem production of lactic acid if the temperature is not at 0° C. In all our 
estimations, therefore, 95 per cent, alcohol was used as the killing agent, but it 
was placed in porcelain basins, which were immersed in a freezing mixture of 
Nad, or crystalline CaCL, and crushed ice. 

This precaution is not sufficient, for when a mass of muscle weighing several 
granungs is immersed in alcohol, even at this temperature, although the surface 
layers of the tissue are killed at once, the resulting coagulation of the proteins 
forms a layer through which the alcohol only penetrates slowly. The interior 
of the mass is consequently not killed immediately, and continues to produce 
lactic acid for a considerable length of time. This error was avoided by 
chopping the muscle up finely with a pair of blunt-nosed scissors as soon as it 
was immersed in the alcohol. A large number of surfaces are exposed to the 
action of the alcohol by this procedure, while the low temperature (0* to — 5° 0.) 
prevents the injury from producing large amounts of lactic acid. It is impor- 
tant, however, to make the interval between the removal of the muscle from 
the animal and its immersion as short as possible. Usually one of us quickly 
cut out the heart or gastrocnemius, then removed the tendon (or, in the case of 
the heart, any adherent fat, the auricles, valves, and vessels) with a sharp pair 
of scissors, and wiped off as much of the blood as possible. The tissue was next 
placed on the balance and rapidly weighed to the nearest centigr amm e, then 
dropped into the alcohol and quickly chopped up by the other. The whole 
procedure occupied about 1 to 2^ minutes. 

Even with these precautions, there is a certain formation of lactic acid 
due to injury to the tissue ; we believe, however, that our technique gives 
slightly lower values for this quantity than does that of other observers ; the 
mean value for the skeletal muscle being 0-06 per cent., and for the cardiac 
muscle 0-03 per cent, (c/.. Table I). The reason for this difference in the 
resting value for the two tissues we do not know. It may be explained by the 
hypothesis (a) that the heart in vivo contains less lactic acid than the skeletal 
muscle, or (6) that the skeletal muscle may contain substances not present 
in the heart which are estimated as lactic acid by this method. 

For the rest, the method used consisted of a combination of those of 
Meyerhof (4) and Clausen (5). After standing in the alcohol in the freezing 
mixture for half an hour, the supernatant alcohol was poured off through a 
fluted filter paper, and the muscle ground up with coarse sand. The mass of 
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disintegrated muscle and sand was placed on tke filter paper, and the washings 
from the mortar and other dishes poured on to it. The complete filtrate was 
refiltered through the mass three times, to ensure complete extraction of the 
lactic acid, and the residue washed once with fresh alcohol. The alcoholic 
extract was then slowly evaporated to dryness on a not too vigorously boiling 
water bath. The residue (fat, etc.) was then extracted, while still on the 
water bath, with about 15 c.c. of a saturated solution of ammonium sulphate. 
The ammonium sulphate solution was added in two portions, the first being 
filtered off through a Buchner funnel, and the extraction repeated with the 
second portion. 

The filtrate was washed into a 50 c.c. separating funnel, 4 c.c. of 4 per cent. 
NaOH added, and extracted three times with 6 c.c. of pure crystallised 
benzene. The solution was then neutralised and heated on the water bath 
to drive off the traces of benzene and ammonia. It was then ready for 
oxidation. The solution was made up to a definite volume, usually 50 c.c., 
and an aliquot part of it taken and oxidised. 

We took an aliquot part for oxidation because the estimation of smaller 
quantities of lactic acid (up to 10 mgms.) has already been studied by one of 
us (6), and the loss due to the procedure determined. It seemed more advisable 
to subdivide the solution so as to bring the amount of lactic acid oxidised 
down to these limits, rather than to oxidise much larger quantities (such 
as were present in the entire extract) since the loss in doing this may 
be quite different from that sustained with smaller quantities. Some 
additional notes as to the technique may be found in the paper referred to 
above (6). 

We have made control experiments in which known amounts of lactic acid 
were added to the muscle, and have found that the recovery of lactic acid from 
the whole process of extraction and estimation is 75 per cent. This agrees 
with the figures given by Meyerhof (4), so we have used it in calculating our 
lactic acid results. 

Results . — The content of lactic acid found in the normally beating heart 
and in the resting skeletal muscle are given in the following table 
(Table I). 

The quantities of lactic acid found in the resting muscle and in the normally 
beating heart are formed, no doubt, chiefly by the manipulations necessary 
in the method. They compare well in the case of the skeletal muscle 
with the figures obtained by other observers (Meyerhof (4), Fletcher and 
Hopkins (1)). 
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Table L — Lactic Acid Content of Normally Beating Heart and Resting Skeletal 

Muscle. 


Cat, No. 

1 

1 

2. 

k 

1 

6 . 

8. 

0. 

12. 

13. 

14. 

1 

25. 

1 

27. 

i 

Babbit. 

Mean. 

Lactic acid : 
skeletal muscle, ’ 
grm. per cent 

0*040 

L-041 

0*075 

0*083 

0*063 

0*035 

0*065 

0-074 

1 


0-040 

0-056 

Lactic acid : heart* 
grm. per cent 

— 

1 

. 

1 

1 

[ 

— 

0-031 

! 

I 

— 

0*034 

0-026 

0*022 

0-02S 


The stimulation maxima under our experimental conditions are given in 
the next table (Table II). Except where otherwise stated the heart was 
exhausted by asphyxia and stimulation. 


Table II. — Stimulation Maximum of Lactic Acid in Heart and Skeletal Muscle. 


Animal. 

Lactic acid in 
grammes per cent. 

Skeletal 

Muscle. 

Heart. 

Cat A .... 

0*118 

0-045 

1 .... 

0*099 

0-043 

•> 

,5 .. .... 

0*157 

0-089 

„ 3.... 

0*171 

0-047 

„ ii .... 

0*213 

0*130 

Rabbit 2 

0*224 

0*099 

„ 4 

0-164 

0*086 

Cat 6 .... 

0*277 

0*077 

„ ' 8 .... 

0*314 

0*112 

„ 10 .... 

0*276 

0*085 

„ 14 .... 

0*270 

0*074 

20 .... 

0*189 

0*075 

„ 31 .... 

0*228 

0*042 

„ 32 .... 

0-302 

0-059 

,» 33 .... 

0*316 

0-100 

„ 21 .... 

— 

0-052 

*, 22 

— 

0-050 

„ 23 

— 

0*067 

„ 28 .... 

— 

0*048 

„ 30 .... 

0-272 

0*051 

Mean.... 

0-252 

0-072 


Notes. 


Skeletal muscle, electrodes not moved during stimulation* 


” ,, ,, 

Skeletal muscle stimulated through sciatic nerve. Adrenaline 
added to heart. 

Skeletal muscle stimulated through sciatic nerve, 

»» j» 

,» directly. 


" tf it 

Heart exhausted by cyanide and stimulation, 

” a 

»» >» adrenaline and stimulation. 

” ** » 

Heart driven to exhaustion with air on. Skeletal muscle 
stimulated directly. 


The stimulation maidmum of lactic acid in the skeletal muscle varied from 
0-189 to 0-314 grm. per cent., when stimulated directly. When a muscle 
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was stimulated through, the sciatic nerve the content of lactic acid was less 
(0*164 to 0*224 grm. per cent.), probably owing to the greater susceptibility 
of the nerve endings. We have also found that if the electrodes are not moved 
about on the muscle, then the local accumulation of lactic acid appears to set 
up a block which interferes with the spread of the excitation to the other parts 
of the tissue, the average concentration consequently being lower (in four 
experiments the values ranged from 0 *099 to 0*171 grm. per cent.). This local 
block has already been pointed out by other observers (Stiles and Catell (7) ). 

The stimulation maximum in the heart is much smaller than in the skeletal 
muscle as Table II will show. There is a large variation for different animals 
but never do we find the heart accumulating amounts of lactic acid comparable 
to the skeletal muscle, although a number of different factors, such as adrenaline, 
cyanide, exhausting in the presence of adequate artificial respiration, were tried. 
The ratio of the absolute concentrations in skeletal muscle and in ventricular 
muscle is about 0*252 to 0 *072 or SJ to 1. If we compare only the increase in 
lactic acid content (above the resting or normally active muscle) we find that 
in the heart the lactic acid content has increased 2 J times, while in the skeletal 
muscle it has increased 4| times. The ratio of the increase in lactic acid 
content, in skeletal and cardiac muscle, is also about 4| to 1. 

Inasmuch 'as 7 grm. of lactic acid require 1 litre of osygen for its removal 
W- (®) average oxygen debt in our series would be 0*28 c.c. of O 2 per 

gramme in the case of the skeletal muscle, and only 0 *063 c.c. of O 2 per gramme 
in cardiac muscle. 

Discussion. 

Several possibilities have been suggested to explain our result that the heart 
ceases to beat when its lactic acid concentration is much less than that at 
which the &eletal muscle fails, (a) The difference might be due to the fact 
that the actual muscle substance in the heart is, so to speak, more diluted with 
inactive connective tissue, than in the skeletal muscle. This point has already 
been investigated by Schenck (9), who finds that while the connective tissue 
forms roughly 10 per cent, of the heart, it forms only 2 per cent, of a skeletal 
muscle. This difference, however, is not large enough to be of any significance 
in explaining our results. 

{b) The difference might be due to the fact that a comparatively local 
disturbance in the ventricle, such as might accompany a local accumulation 
of lactic acid, will set up ventricular fibrillation, or (if it be in the region of the 
common bundle) a heart block : whereas such a local accumulation in the case 
of the skeletal muscle will not interfere with the activity of the rest, under 
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tlie conditions of stimulation in most of our experiments. The total quantity 
of lactic acid found would then be small because the greater part of the heart 
muscle would not be in an entirely exhausted condition. Although this factor 
does operate we do not believe that it alone will suffice, because direct electrical 
stimulation of various points on the ventricles was always tried in order to be 
certain that all the muscle fibres were exhausted. Furthermore, no noticeable 
difference in the lactic acid content was found between the hearts which failed 
(i) by diastolic standstill and (ii) by ventricular fibrillation. 

(c) The low stimulation maximum in the heart might be due to the fact 
that the heart does not have sufficient lactic acid precursor in the form -of 
glycogen, etc., to enable it to go on contracting for very long in the absence 
of oxygen. A resume of the literature gave contradictory results on this 
point. Some investigators have found more glycogen in the heart than in 
the skeletal muscle, others less. We have reinvestigated the matter, using 
normal healthy cats under the same conditions as in our lactic acid experi- 
ments, and have found that the normally beating heart has less glycogen 
than the resting skeletal muscle. The results are given in detail in Part II. 
We have ascertained, however, that the heart can have as much as 0-35 grm., 
per cent, lactic acid in rigor mortis ” (cf. Part II). It cannot, therefore 
lack precursor to produce the stimulation maximum of lactic acid, which in 
our series never exceeded 0*14 grm. per cent. .. 

(d) The difference in the stimulation maximum would be explained if the 
heart were more susceptible to hydrogen-ions than the skeletal muscle. Under 
such conditions the critical pR might be reached in the heart, even by the 
addition of the comparatively small quantities of lactic acid found. The 
recent work of Andrus and Carter (10), Andrus and Drury (11) and Andrus (12) 
have shown thatthe isolated heart is very susceptible to changes in and tlmt 
when the reaction becomes too acid not only is the force of the beat lessened, 
but the rate of conduction of the impulse is slowed and the excitability of the 
heart diminished. It seemed essential, therefore, to determine the critical pH 
in these two tissues. This we have done with the co-operation of Mrs. Kerridge, 
M,Sc., of this department, using the recently-described glass electrode (13) 
which she has perfected. The full details of the method and the results will 
be published later, but a preliminary note is given in Part III below. At 
present we will merely point out that we have found the critical pH to be less 
acid in the heart than in the skeletal muscle. 

Smaller quantities also of lactic acid would suffice to reach the critical pH 
in the heart, if its buffering power were poor as compared with skeletal muscle. 
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We have investigated this also and found such to be the case. This also is 
referred to in Part IIL 

We have concluded then that the low stimulation maximum of lactic acid 
in the heart is due primarily to the greater susceptibility of this organ to a 
rise in hydrogen-ion concentration, together mth the fact that its poor bufiering 
power allows the critical value of pH to be reached with but a comparatively 
small addition of free acid. 

Sumnutry, 

(1) Methods are described for comparing the effects of short intervals of 
oxygen lack on mammalian heart and mammalian skeletal muscle. Evidence 
is given to show that the heart is dependent on its contemporary oxygen 
supply, and that it fails rapidly in its absence ; the skeletal muscle, on the 
other hand, is independent at first of its contemporary oxygen supply being 
unaffected by short intervals of oxygen lack. It is concluded that the heart 
cannot go into oxygen debt ” to an 3 rthing like the extent of the skeletal 
muscle. 

(2) A method is described for determining the stimulation maximum of 
lactic acid in heart and in skeletal muscle. The data obtained in 20 cats and 
rabbits show that the stimulation maximum in the heart is much less than in 
skeletal muscle. This also points to the fact that the heart cannot go into 

oxygen debt ’’ to the same extent as skeletal muscle. The mean value of 
the lactic acid stimulation maximum for a skeletal muscle was 0*252 grm. 
per cent., and for the heart less than one-third of this, viz., 0*072 grm. per cent. 
The maximum “ oxygen debts ” of these two tissues should, therefore, be in 
the same ratio. 

(3) An explanation for the difference in the lactic acid stimulation maximum 
was sought for and several possibilities discussed. It was concluded, chiefly 
as a result of the evidence given in a Preliminary Note in Part III, that the 
comparatively low^ level of the lactic acid stimulation maximum is due pri- 
marily to the greater susceptibility of the heart to an accumulation of hydrogen- 
ions, and to the poorer buffering power of the heart. Such small quantities 
of lactic acid as we have found in the heart are sufficient to bring the fibres 
to the critical pH, at which further activity is impossible, because (1) this 
critical pH is less acid than in the skeletal muscle, and, therefore, less change 
of pH is necessary ; and (2) the heart, muscle is less well buffered, so that a 
given change of pH is caused by less acid production. 

We wish to express our gratitude to Prof. A. V. Hill, E.R.S., for his sugges- 
tions and criticisms of this investigation. 

c 2 
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Lactic Add in Mammalian Cardiac Muscle. — Pa/rt IL The 
Rigor Mortis Maximum and the Normal Glycogen Content. 

By H. J. G. Hines, L. N. Katz* and C. N. H. LoNG-t 

(Communicated by Prof. A. V. Hill, P.K.8. — ^Received July 25, 1920.) 

(From the Department of Physiology, University College, London.) 

I. The Rigor Mortis Maximum, 

In Part I of tHs paper two of ns have shown that the stimulation maximum 
is different in mammalian cardiac and skeletal muscle. The heart muscle has 
only about one-third of the lactic acid concentration of the skeletal muscle, 
when both no longer respond to stimulation. We suggested as one possible 
explanation the fact that the heart normally might not contain as much lactic 
acid precursor as the skeletal muscle. In the present investigation the total 
amount of lactic acid produced in ordinary rigor mortis, J and in the rigor 
mortis induced by the use of buffered phosphate solutions of caffeine, was 
determined. Cats were used as in the preceding experiments. 

* Fellow in Medicine, National Research Council, U.S.A. 

t Working for the Industrial Fatigue Board, Medical Research Council. 

X The term rigor mortis, we admit, ill expresses the condition of the heart after death 
as there is no sign comparable to that of the skeletal muscle. 
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In tlie first series of observations the ordinary rigor mortis formation of lactic 
acid was determined. The usual procedure was to take a limb (or a pair of limbs) 
from a cat used in the stimulation maximum experiment, and to place it for 
three hours in an incubator kept at 37° C. Along with the muscle were put 
either both ventricles or the portion that remained after a sample had been 
taken for determination of the stimulation maximum. After incubation the 
tissues were treated as described in Part T, and their lactic acid content 
measured. 

In the other series of experiments the lactic acid maximum, after treatment 
with caffeine solution, was determined by taking portions of heart and skeletal 
muscle and chopping them up finely in known volumes of buffered phosphate 
solution of pH.8 to which caffeine had been added to make a 0-2 per cent, 
solution. It is very probable from the results obtained by Hill and Hartree (5) 
and Meyerhof (6) that such treatment will break down all the lactic acid precursor 
in a muscle into lactic acid. The muscles were incubated in the solutions for 
three hours at 37° 0. The lactic acid in the solutions and that remaining in 
the muscles were then determined separately, the solution being removed by 
filtration, and its volume measured. Sufficient sodium tmgstate and sulphuric 
acid were added to remove any protein that might be present in the solution, 
and the latter again filtered. To the known volume of filtrate, copper sulphate 
and a suspension of calcium hydroxide were added to remove glucose. After 
standing | hour a further filtration was done and an aliquot part of the filtrate 
taken to determine the lactic acid content. From this the total amount of 
lactic acid in the solution could be calculated. The procedure for determining 
the lactic acid in the muscle itself was the same as described in Part !• It is 
interesting to note thatunder these conditions the greater portion (80 per cent.) 
of the lactic acid diffused into the caffeine solution. 

The results of both series of experiments are given in Table I. 

Table I. — ^Rigor Mortis. 

I. Muscles incubated 3 hours at 37° C. 


Lactic acid in grains per 100 grm. mnsole. 


Cat No 

j 

12. 

13. 

14, 

15. 

16. 

18. 

Mean. 

Heart 

0-24 

0-31 

^9 

0*20 

0*26 



0*23 

Skeletal muscle .... 

0*56 

0-51 

0«38 

0-48 

0*53 

0*66 

0*51 

0-52 


Ratio — Skeletal muscle : Heart, 2 • 3 : 1. 
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Table I — continued. 

II. Muscles incubated 3 hours at 37° C. with 0*2 per cent, caflfeine and 
-phosphate solution (pH . 8). 


Lactic acid (grams per 100 grm. muscle.) 


Cat Ho 

19. 

20. 

23. 

1 20. 

31. 

Mean, 

Heart 

0-32 

0-34 

0*26 

0-36 

0-31 

0-32 

Skeletal muscle 

0-60 

0-61 

i 

0-55 

0*74 

0-61 

0*00 


Eatio — Skeletal muscle : Heart, 1*9 : 1. 


It wiU be seen from this table that the rigor mortis maximum of lactic acid 
in the heart is about J that in the skeletal muscle. This ratio agrees very well 
with that obtained by Miss Arning at Manchester (unpublished) in the case of 
chloroform rigor in frogs’ and tortoises’ hearts and skeletal muscles. 

Discussion , — ^When we examine the figures for the greatest possible amount 
of lactic acid that can be found in the two tissues, and compare them with the 
maximum figures for the stimulation maximum of lactic acid, we find that the 
difference in lactic acid precursor cannot be the cause of the difference in the 
stimulation maxima. (See Table II.) 


Table 11. 


* 

Stimulation Maximum 
of Lactic Acid (grams 
per 100 grams of muscle). 

Buffered Caffeine Eigor 
Maximum of Lactic 
Acid (grams per 100 
grams of muscle). 

{ 

Percentage of Maximum 
reached at the Stimu- 
lation Maximum, 

Heart 

0-07 

0-23 

0*32 

0-60 

Per Cent. 

22 

42 

Skeletal muscle .... 


The stimulation maximum in the heart (under our experimental conditions) 
is ooly 22 per cent, of tte total possible production, whereas the skeletal muscle 
under sunilar conditions has utilised 42 per cent, of the lactic acid precursor 
present. The fact that in the heart the stimulation maximum of lactic acid 
IS so much further removed from the absolute maximum induced by cafleine 
than in the skeletal muscle is explained by the results of Part HI, namely, 
that the poorer buffering power of the cardiac rhuscle as compared with the 
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skeletal mtiscle results in the critical pH being reached with the production of 
less lactic acid in the heart than in the skeletal muscle. This effect is further 
enhanced by the fact that the critical pH is less acid in the heart than in the 
skeletal muscle. 

II. Normal Glycogen Content, 

If in the heart the precursor of lactic acid be glycogen, as it is known to be in 
the case of the skeletal muscle (Meyerhof (4) ), then we should expect to find the 
ratio of glycogen content in the two tissues the same as that of the buffered 
caffeine rigor maxima of lactic acid. A study, however, of the literature on the 
subject of the comparative glycogen contents of the two tissues reveals .a large 
number of conflicting observations. Eecently Schenck (2) has determined the 
glycogen contents of the cardiac and skeletal muscles of dogs, and found that 
on the average the ratio of glycogen in the heart to that in skeletal muscle is of 
the order of 2 : 3. Macleod and Prendergast (1) also have shown that in the 
well-fed, healthy animal (dogs and rabbits) it is customary to find more glycogen 
in the skeletal muscle than in the heart. Some of the other investigators are 
in agreement with Schenck and with Macleod and Prendergast (1), but others 
maintain the reverse, namely, that the heart normally contains more glycogen 
than skeletal muscle. No doubt this conflict of opinion is due to two causes. 
Firstly, sufficient care has not always been taken in the past to prevent break- 
down of glycogen in the muscles during the preliminary stages of its extraction. 
It is just as important to prevent glycogenolysis as it is to prevent an undue 
formation of lactic acid in similar determinations of the latter. Secondly, the 
condition of the animals on which the determinations have been made ha^ not 
always been all that could be desired. Macleod and Prendergast (1) have 
shown clearly that starvation depletes the glycogen reserves of the skeletal 
muscles while leaving the state of the heart practically unaltered. In starved 
animals there may be, in consequence, an exact reversal of the ratio found in 
the two tissues of well-fed animals. In the present investigation, therefore, 
the glycogen content of the two tissues was determined in as normal and 
well-fed animals as could be procured. Care also was taken to diminish 
glycogenolysis to a minimum. 

In this set of determinations the cat was anaesthetised with ether. The 
gastrocnemius on one side was exposed, dissected out and removed, the femofal 
artery on that side then being clamped. The chest was next opened and the 
heart quickly excised, the auricles, vessels and fat removed with sharp scissors 
and the blood squeezed out. Both tissues immediately after excision were 
weighed and then dropped into porcelain dishes containing alcohol kept at 
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— 1 to — 5° C. by placing the dishes in a freezing mixture. The muscles 
■were immediately chopped up into, fine bits 'with scissors. Up to this s'tage 
the technique is essentially that used in our control lactic acid determinations 
(Part I). The whole procedure from the time of excision to the mincing of 
the muscles took 1 to 2 minutes. The heart in most cases was still beating 
when put into the alcohol. 

After standing ice-cold for half an hour the alcohol was poured into hot 
60 per cent. EOH and allowed to boil ofi. The tissue was then placed in the 
hot KOH and left to dissolve for two to three hours. The solution was allowed 
to cool and the glycogen was precipitated with alcohol according to Pfliiger’s 
method, the solution being allowed to stand over night in order to get complete 
precipita'tion. It was next filtered through Gooch crucibles and the precipita'te 
washed with 60 per cent, alcohol. The contents of the Gooch crucible was then 
transferred, asbes'tos and ail, to 'tubes containing 20 c.c. of 2 '5 per cent. HCl. 
The tubes ■were placed on a boiling water bath and the solution allowed to 
hydrolyse for four to five hours. The solution was again filtered through the 
same Gooch crucible in order to remove 'the asbestos and then washed with 
distilled ■water. The filtrate was neutralised and made up to standard volume. 
The reducing si^r was then determined by Bertrand’s method and the figure 
multiplied by O' 907 to give the glycogen content. This is calculated as 
(C^ioOs)*- cases the heart and muscle of a given animal were treated' 

in an identical manner. 

The seeults are given in Table III. 

Table III. — ^The Glycogen content of normal heart and muscle. 


Glycogen content (grams per 100 grm. muscle. 


Gat. No 

51, j 

52, 

; 53. 

54. j 

55. 

56. 

57. 

68. 

59. 

60. 

Mean. 

Heaart 






0-160 







Skeletal 

muscle 

0-455 

0*306 

0*460 

0*627 

0*41ll 

0*469 

0*635 

0-781 

0-770 

0-725 

0-654 


Ratio — Skeletal muscle : Heart, 4 : 1. 


It will "be seen at once from this table that the heart of the normal well-fed 
cat has only 1/4 the glycogen content of the skeletal muscle. 
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Discussion. 

The ratio of glycogen content in heart and skeletal muscle is difEerent from 
the ratio of the rigor maximum content of lactic acid in the two tissues. There 
is less glycogen in the heart than available lactic acid as the following table 
(Table IV) shows, ’ 


Table IV. — Comparison of available lactic acid and normal glycogen content 
of heart and skeletal muscle. 



“ Buffered ” Caffeine 
Biigor Maximum of 
Lactic Acid in grams, 
per cent. 

Glycogen Content in 
grams, per cent. 

Difference. 

1 

Heart ! 

0*32 

0*14 

0*18 

Skeletal muscle .... 

0*60 

0*55 

0*05 

Katio y 

1*9 to 1 

4to 1 



“^The difEerence betvreen the two figures is' 0-05 in the case of the skeletal 
muscle and 0*18 in the case of the heart. The differences give us an idea, 
if the figures be correct, of the relative amoxmt of lactic acid precursor in the form 
of hexose phosphate or some related compoimd, since the figures given in the 
first column of Table I are a measure of all the lactic acid precursor plus the 
free lactic acid present in the resting stage, while those in the second column 
give an idea of how much lactic acid can come from glycogen. The greater 
difference between the two figures in the heart may be interpreted to mean 
that the heart has more lactic acid precursor in the form of hexose pho^hate 
or some other similar compound than has the skeletal muscle. In this connec- 
tion we note that Schenck (3) has made determinations in dogs of the lact- 
acidogen ” in the two tissues andfinds more in the heart than the muscle, although 
the difference is not as large as is suggested by our results. 

The validity of this contention could be further tested by comparing the 
glycogen content of the heart, when it no longer responds to stimulation, and in 
ordinary and caffeine rigor, with the lactic acid content under the same condi- 
tions, to see whether or not the disappearance of glycogen keeps pace with the 
formation of lactic acid as in skeletal muscle (Meyerhof (4) ). This point merits 
further investigation. 

Summary. 

1. The rigor mortis maximum, or the caffeine ri^r maximum, bf lactic acid 
in the heart is only half that in the skeletal muscle. 
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2. A lack of lactic acid precuisor is not the cause of the relatively low stimu- 
lation maxiTnnm of lactic acid in the heart. 

3. The glycogen content of the heart is much smaller than that of skeletal 
muscle in normal well-fed animals (cats). 

4. There is in the heart a greater discrepancy between the resting glycogen 
content and the lactic acid produced in rigor mortis, than there is in skeletal 
muscle. This indicates that a greater portion of the lactic acid precursor of 
the heart is in some other form than glycogen. It is possible that this may 
be a hexose phosphate or some related compound. 

We wish to express our gratitude to Prof. A. V. Hill, P.B.S., for his helpful 
advice and criticism, 
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Lactic Acid in Mammalian Cardiac Muscle, — Part III. Changes 
in Hydrogen-ion Concentration, [Preliminary Note.) 

By L, N. Katz,* Phyllis Tookey Kerridge, f and C. N. H. Long. J 

(Communicated by Prof. A. V. Hill, P.R.S. — Received July 25, 1925.) 

(From the Department of Physiology, University College, London.) 

Experiments have been made to determine (1) the hydrogen-ion concentra- 
tions of cardiac and skeletal muscle minced in the cold (a) under normal con- 
ditions, (6) after stimulation to fatigue, and (c) in rigor mortis, and (2) the change 
of hydrogen-ion concentration following the addition of knowm amounts of 
lactic acid. The measurements were made by means of the glass electrode 
method (Kerridge (1)). 

The results given are quantitatively only preliminary in character, pending 
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(i) the repetition of the experiments on a larger number of animals, and (ii) 
the more accurate estimation of corrections due to dilution with saline, &c. 
The experiments so far made clearly indicate that : — 

(i) The ;pH’s of cardiac and of skeletal muscles stimulated to fatigue are 
different. The difference is of the order of 0*2 jpH, the skeletal muscle being 
the more acid. 

(ii) The j?H’s of cardiac and of skeletal muscles in rigor mortis are different ; 
the difference beiag of the order of 0*4 pH, the skeletal muscle again being the 
more acid. 

(iii) Cardiac and skeletal muscle have different buffering powers. The ratio 
of the concentration of lactic acid added, to the change in pH, varies with the 
pH, rising to a maximum at a pH of approximately 6 *3, when the ratio of the 
buffering power of skeletal to that of cardiac muscle is about 2:1. 

Calculations of the amounts of lactic acid developed in the muscles, made 
from the pH determination and the buffer curves, give a value for the ratio of 
the increase of concentration of lactic acid developed in skeletal muscle on 
stimulation to that in cardiac muscle as 3 : 1, as compared with 4 J : 1 as found 
directly in Part I. A similar calculation for rigor mortis gives a ratio of 2.2 : 1, 
as compared with 2.3 : 1 found in Part II. The agreement between the two 
methods in the latter case indicates that there is no acid other than lactic acid 
formed in the muscles. 

This work is being continued, and an account of it will be published later in 
detail. 
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The Effect of Light on the Circulation. 

By D. T. Harris.* 

(Gommimicated by Prdf. E. H. Starling, E.K.S. — ^Received July 25, 1925.) 

[Prom the Physiology Institute, University College, London.] 

Introduction. 

It has long been the practice in clinical work to apply measures for the lowering 
of blood pressure in hyperpiesis. The immediate purpose of this investigation 
is to examine the basis upon which phototherapy stands as a suitable agent 
for the lowering of blood pressure. 

The original application of light baths by Finsen is an expression of his 
belief in this form of therapy. Among the earliest quantitative observations 
are those of K. A. Hasselbalch and Jacobaus (1), who found that repeated 
exposures to the total radiations of the carbon arc caused a fall in the blood 
pressure of about 10 per cent, in the medium-sized arteries. Bach (2) obtained 
similar results in 105 out of the 109 cases exposed to the quartz mercury- 
vapour lamp. These observers state that the lowering of blood pressure 
persisted for about a month. More recent observations by H. Konigsfeld (3) 
corroborate these earlier findings, with the exception of a few individual 
variations. 

It is not always clear in the earlier records whether the results apply equally 
to normal and hyperpietic individuals. Bach (2) discriminated between these 
and definitely stated that he found no effect of the radiations in people with 
normal blood pressure ; this is also the experience of Sequeira and O’Donovan 
(4) and other workers. In the mixed patients examined by Kollier (5) and his 
colleague a fah of blood pressure was the usual result of solar radiations. 

So far as the writer is aware, the above measurements of blood pressure 
appear to have been made by sphygmpmanometric methods, employing 
palpation and perhaps more recently auscultation. The amount of manipu- 
lation involved in these methods is in itself su£S.cient in the human subject 
to cause variations in the blood pressure far exceeding those resulting from 
artificial and solar radiations. For this reason it became necessary to 
investigate the effect of the various fornos of radiations upon the blood pressure 

* Working for the Biological Action of Light Committee of the Medical Research 
Council. 
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by graphic methods, the utmost precaution being taken to eliminate all 
disturbing factors. Further, plethysmographic tracings were arranged in 
an endeavour to determine the mode of action of radiations on the circulation. 

Method, 

Normal men and women, volunteers from among the medical students, 
were the first subjects to be examined. Any members exhibiting hyper- 
irritability, or lack of normal endurance, were immediately rejected since 
standard conditions were difl&cult of attainment in such individuals. The 
subject, with back laid bare, was placed in a padded arm-chair, slightly tilted 
back so that there might be no tendency for the body to slip down, the feet 
being placed on an inclined plane firmly fixed so that the knees were semi> 
flexed. The weight of the head was taken by an ophthalmic chin-rest. The 
pneumatic cufE of a sphygmomanometer was fitted on the left arm, the forearm 
being wrapped in cotton-wool. This cuff coinmunicated with the inflating 
pump, which could be shut off, and with the lower chamber of the pressure- 
equalising cylinder of an oscillograph (fig. 1), designed by Dr. F. L. Soler, of 
Buenos Aires, and lent to me by Prof. Starling. 



— Sphygmomanometric oscillograph and Plethysmogtaph with quartz window. 



30 


D. T. Harris. 


Tlie upper chamber was connected to a small recording tambour, the tension 
of whose membrane could be finely adjusted, and this was usually arranged 
so that a deflection of the writing-point through 1 cm. corresponded to a 5 mm. 
head of mercury in the armlet. It was found that with this degree of sensitivity 
large variations were recorded with simple psychological tests. 

Experiments were performed with the purpose of determining whether it 
■was justifiable to apply this apparatus to the recording of variations in blood 
pressure, especially in view of the fact that the cuff was inflated to a pressure 
considerafaly below the systolic pressure. The cuff was adjusted to the femoral 
region of a dog, connected as in fig. 1 and inflated to a pressure of 105 mm. 
mercury ; definite pulsations were discernible before applying the writing 
point to the drum. The animal’s blood pressure recorded 165 mm. in the 
carotid artery, and this was artificially raised by a small intravenous injection 
of adrenalin. The correspondence of the curves obtained by these two different 
methods of recording blood pressure is shown in fig. 2, and was regularly 
experienced both in pressor and depressor responses. 



Fig. 2. Effect of adrenalin in a dog on the sphygmomanometric oscillogram (upper 
curye) and on the kymogram. 

The sensitivity of the apparatus is, obviously, much less when used in a 
dog because of the difficulty of suitably applying a human armlet to an animars 
limb. If, however, it is desired to employ this method of recording variations 
of blood pressure in the intact animal, this may be done by means of the metallic 
cuff devised by KoUs (6) for dogs combined with his compound lever recorder. 

To demonstrate the sensitivity of the apparatus in the case of man, simul- 
taneous measurements were periodically made by the usual auscultatory 
method with a mercury sphygmomanometer. For speed and precision in 
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determining the latter, the rubber-protected chest-piece of the stethoscope 
was firmly strapped to the arm immediately below the cuff on the brachial 
artery. The time-signal was operated by an assistant, who recorded on paper 
the systolic blood pressure ; these values were then plotted on squared paper 
and transferred to the tracing in the manner shown in fig. 3. The lag due 



Fig. 3. — Effect of inhalation by S.G.M. of amyl nitrite on the sphygmomanometric oscil- 
logram and on the sphygmomanometer readings. 


to the added reflex times of observer and assistant axe apparent, otherwise the 
variations in blood pressure run a close parallel. Tbe instrument may therefore 
be used in a qualitative way for indicating rise and fall of blood pressure. 

In the subjects investigated, inflation of the cuff to a pressure of 60 to 70 mm. 
of mercury was usually found sufficient to transmit good pulsations from the 
brachial artery ; this pressure allowed a fairly free circulation in the deeper 
structures of the forearm, but completely obstructed the superficial veins. 
The immediate effect of the inflation was to cause a short initial drop, followed 
by a long-sustained rise of blood pressure, which gradually returned to normal 
in about 10 minutes (fig. 4). During this early period of venous filling the 



Fig. 4, — Rise of blood pressure foEowing inflation of the cuff. 

inflated cuff occasioned a little discomfort, but afterwards it was easily tolerated 
for half an hour or longer. 

The right forearm was placed in a plethysmograph (fig. 1) made of a tin 
cylinder capped with a piece of 4-inch motor tyre and covered with a cotton- 


32 


D. T. Harris. 


wool jacket. It was filled with water at 35-6° 0. and connected to a piston- 
recorder. This plethysmograph was also fitted with a quartz window. 

The source of light used was an air-cooled quartz mercury-vapour lamp 
(I kw.). Heat rays could be filtered off by means of a rectangular trough 
faced with quartz plates and filled with distilled water ; most of the visible 
»rays could be cut off by means of an adjustable cobaited quartz plate. The 
filter was attached to a rectangular window in a large asbestos shield. Between 
the filter and the lamp a removable asbestos screen was placed, which could 
be silently removed by a trained assistant. Disturbing factors were reduced 
to a minimum by attention to details contributing to the subject’s comfort 
and by carrying out the observations in a dark room lit only by the stray 
light from the mercury lamp. 

Ccmirols. 

The careful support of the subject’s body in the chair and apparatus in 
a quiet, darkened room, with its attendant inhibition, revealed certain pheno- 
mena which are more particularly interesting in their relation to cerebral 
function. If the subject showed any tendency to fall asleep, the volume of 
the limb developed a series of long undulations superimposed on the small 
pulses and medium-sized respiratory excursions. When the room was placed 
in complete darkness the arm vessels exhibited a slow and large relaxation if 
the patient fell asleep, and showed a quicker return to normal on rousing the 
subject. It appears that the phenomenon of irradiation of cortical inhibition, 
which is the basis of sleep, also spreads to the sub-cortical centres. It became 
necessary, therefore, to maintain subjects in a more or less wakeful, yet relaxed, 
condition. Since the mere switching on of any light caused a slight vaso- 
constriction and small disturbances in the blood pressure, it was convenient 
to leave the mercury lamp in action continuously, the subject being protected 
by the large asbestos shield and removable screen already mentioned. This 
also eliminated any possible indirect effect of the mercury lamp on the air 
breathed, especially as Kestner (7) attributes a vaso-dilator action to substances 
formed in the neighbourhood of a carbon-arc lamp ; it may be mentioned, 
however, that Kimmerle (8) did not find any appreciable action upon the 
composition of the air in the neighbourhood of a quartz mercury- vapour lamp* 
The latter, only, was used in this investigation. 

Effect of Ultra-violet Radiations. 

As the employment of filters involves a large diminution in the quantity of 
radiant energy even in that part of the spectrum it is desired to transmit — 
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a HgHy polislied nickel reflector in tlie form of a kalf -cylinder witk spherical 
ends was used to concentrate as much light as possible on to the filter j with 
this, nearly 50 per cent, more ultra-violet energy was available. The lamp 
was fixed at close range : 12 cm. in these experiments. In these circumstances 
an efficient fan was necessary for cooling the lamp and removing hot air feom 
the neighbourhood of the subject. 

As soon as the latter is fixed in the apparatus, with the asbestos screen in 
position, the lamp and fan are set into operation. After 10 to 20 minutes, the 
blood pressure and limb volume tracings assume a level or slightly undulating 
base-line. The asbestos screen is then silently removed, so as to expose the 
back of the subject to ultra-violet radiations. The normal dose was two 
minutes — ^an exposure sufficient to produce subsequently a smart erythema, and, 
still later, a browny exfoliation and brown pigmentation. 

The most characteristic circulatory response appeared in the records of the 
limb volume. The usual effect in a white subject is shown in fig. 5 ; the general 



Fig. 5. — ^Response of a white subject (R.W.H.) to two minutes’ ultra-violet radiation. 

nature of the response is very similar in the dark-skinned individual (fig. 6), 
but is much less in degree for a given dose ; the latter characteristics appear in 
white subjects who have developed pigment as a result of previous exposures 
to ultra-violet radiations. In nearly aU the cases examined, the limb responds 
with a marked vaso-dilation, which has a latent period on the average of 1| 
minutes, as a rule shorter in blondes and longer in brunettes ; then follows 
a slow and gradual return nearly to normal in two to five minutes. It is not 
surprising that the observed increase in pulse rate of from two per minute in 
dark subjects to five per minute in white subjects, during irradiation, is not 
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accompanied by any great rise in tlie blood pressure in view of tbis very efficient 
compensatory generalised vascular dilatation. In most white subjects, however, 



— Response of a pigmented subject (Bombay) to 1| minutes’ ultra-violet 

radiation. 

the most usual blood pressure response was a very slight rise during irradiation, 
foEowed by a similar slight faE and gradual return to normal. Hasselbalch (9) 
was the first to record any rise of blood pressure during irradiation, his measure- 
ments giving values as large as 5 to 10 mm. of mercury ; but such figures were 
obtained by employing the total radiations from a carbon-arc lamp. It may 
be noted that the graphical method used in the present investigation constantly 
manifests in all subjects a rise of blood pressure immediately following inflation 
of the cuff of the sphygmomanometer (fig. 4) ; it is possible that part of the 
rise noted by Hasselbalch may have been due to this. 

Of the forty medical students repeatedly examined, the normal response was 
the vaso-dilation indicated above in figs. 5 and 6, and was repeatedly elicited 
in the majority of them. A few (five) consistently gave an appreciable pre- 
liminary vaso-constrictor response as shown in fig. 7. This difference in 
response appears to be merely a climatic effect, since this larger initial vaso- 
constriction was obtained regularly on the very hot days in the beginning of 
June of this year and showed greater persistency in sultry weather ; pre- 
sumably on these days, the blood vessels were already nearly dilated to the 
maximum before the experiment started. 

In an attempt to determine what events were taking place at the actual site 
irradiated, a smaE group of mixed subjects was selected for their steadiness 
under examination, so that delicate plethysmograph tracings with high magni- 
fication might be made, while a smaE part of the limb itself was irradiated 
through the qiiartz window (fig. 1). The arm was supported with a wool pad 
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placed in the plethysmograpli quite near to the quartz-window, so that it became 
possible to irradia-te the skin on the forearm at the short range of 8 cm. With 
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A survey of tlie local and distant vascular responses enumerated above, 
togetter witli tbe existence of a smarting or tingling sensation (compare sun- 
burn) referred to tbe site irradiated, suggest that the mechanism by which the 
radiations work is a nervous one. The high absorptive coefficient of the 
epidermis for ultra-violet radiations must involve the degradation of this type 
of radiant energy into heat, with consequent excitation of the heat receptors 
in the skin ; the matter, however, is not quite as simple as this. Corresponding 
to the difference in the sensations produced, a smarting and tinghng element in 
the case of ultra-violet and warmth in the case of infra-red rays, there is also a 
difference in the circulatory response to ultra-violet and to heat radiations, 
which will be presented subsequently. 

In some cases slight alterations in the respiratory rhythm were noted, but 
these were inconstant ; examples are presented in fig. 9. Periodic breathing 
was a frequent occurrence. 



¥m, 9. — Effect on the respiratory rhythm of minutes’ ultra-violet radiation. 


Effect of Two Successive Irradiations. 

In the following, as in the previous experiments, the sHn of the back was 
chosen for irradiation because the irritation in the erythematous stage was less 
troublesome than on other parts of the body, and, further, the manipulations 
were not in the view of the subject. At each exposure, 100 sq. cm. of skin 
were subjected to the filtered rays of the quartz mercury lamp. In any given 
subject the general responses due to irradiation of the left and the right scapular 
regions separately were precisely equal. When, however, a second irradiation 
was applied to the same area within a few minutes after the first exposure, the 
response assumed new characters : the latent period was considerably shortened 
and the extent of the vaso-dilation was much increased (fig. 10). The equality 
of these distant and general responses eficited from equal stimulation of different 
areas of skin show that there is no change of a central nature induced by the 
first exposure, whereas comparison of records like those of fig. 10 shows that 
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some kind of after-efEect persists* in tke periphery as a result of a previous 
stimulus wMch raises the excitability of the receptors involved, giving an 



Fig. 10. — Summation of stimuli : two 2 -minute exposures of the same area to ultra-violet 
radiation with a 1 -minute interval. 

exaggerated response for an equal exposure. As far as temporary applications 
of the apparatus to the subject permitted a deduction to be drawn, the after- 
effect seemed to last as long as the erythema. 

It appears that the lowering of the threshold of these particular receptors 
is an effect characteristic of radiant energy of short wave-length. For the 
examination of the effect produced by longer wave-lengths, the radiant energy 
reflected by a nickelled parabolic reflector from a spiral coil of nickel-chrome 
wire situated at the focus was projected on to the subject’s back. The energy 
consumption of this electric heater was half a kilowatt ; the heater was placed 
a metre away from the subject, this being the distance at which the rays were 
well focussed. The apphcation of successive irradiations of this type usually 
yielded an equal or smaller response (fig. 11) ; in none of the subjects examined 
was a larger response evoked. It appears, therefore, that the sensory end- 
organs affected here — ^the heat receptors — exhibit the usual phenomenon of 
fatigue on repeated excitation. 

The summation of ultra-violet stimuli found to occur in these experiments 
of short duration is in complete accord with personal experience of successive 
daily exposures of the same area to sun burning. Side by side with the sensa- 
tions of tingling and smarting, we have the fundamental observations of 
Finsen (10) who, in his experiments with a 40,000-c.p. arc lamp, noted that 
the increased excitabihty of the capillary wall as tested by mechanical 
stimuli persisted for over six months. As a provisional hypothesis for ex- 
plaining the mode of action of ultra-violet radiation, it is suggested that it 
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behaves as a cutaneous irritant, manifesting itself by sensory and vascular 
phenomena involving an axon reflex (11), and also a distance reflex; this 
supposition opens up problems for further investigation. 



Rg. 11.— Effect of successive stimuli (l-minute exposures) on Miss K.T. : (i) Radiant heat 

(ii) Ultra-violet radiation. 


of Intense Stimulation of Anmthetised Animals. 

Cats were used in these experiments, and were placed under the action of 
cHoralose. The fur was removed from an area of 100 sq. cm. on the animal’s 
back, and the skin depilated with barium sulphide. An arterial caimula was 
placed in the carotid artery ; the hind limb was placed in a plethysmograph 
and firmly attached thereto by reflecting a cuff of skin and tying it over the 
mouth of the plethysmograph. Irradiation was carried out as before, but at 

the closest possible range (7 cm.) and for much longer periods. 

As a rule, the limb volume followed the blood pressure more or less com- 
pletely— a result due in aU probabihty to the removal of the sensory element 
by ana^thesia. Responses, always of a pressor type, could be evoked in 
albmo cats only after prolonged or frequent stimulation with ultra-violet 
radiations. It was even more diflS.cult to elicit as large a response in an all- 
black cat. In order to make a better controlled comparison, a parti-coloured 
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cat was prepared with a wMte and a black patch for irradiation. The same 
difference was exhibited, namely, a greater susceptibility of the white patch. 
The part played by pigment in the skin of animals has also been examined in 
an earlier paper (12). 

When the unjfiltered radiations of the mercury arc were used, a response was 
obtained precisely like that from radiant heat. Gutting both vagus nerves 
in the neck caused no difference in the response (fig. 12), 



Fio. 12. — Response of a white cat (vagi cut) to IJ minutes’ radiant heat. 


The long latent period and the simple pressor character of the response 
suggest that the basis of all these reactions is stimulation by heat only. 
Identical responses were also obtained in an aged grey cat, with a blood pres- 
sure of 190 mm. mercury, even when this was temporarily raised artificially 
by obstructing the cerebral circulation. The chief result of these animal 
experiments is to show that massive nocuous doses are necessary to produce 
appreciable differences in the blood pressure during anaesthesia. 

Summary, 

Irradiation of a localised area of skin with ultra-violet energy causes a 
wide-spread peripheral vaso-dilation. Consequently, only a very slight tran- 
sitory rise of blood pressure results from the small increase in pulse rate of 
from two to five per minute in dark and w^hite subjects respectively. The 
reaction was always less in pigmented subjects. 

The vaso-dilator response to ultra-violet radiation is enhanced by a previous 
exposure ; this is not the case with radiant heat. The vascular response 
appears to be a nervous reflex, initiated by a nocuous stimulus, and the whole 
phenomenon one of incipient injury. 
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The Mechanism of Muscular Contraction. 

By W. E. Garner, Header in Physical Chemistry at University College, 

London. 

(Communicated by Prof. A. V. Hill, P.R.S.— Received August 6, 1926.) 

A contracting muscle gives maximal values for the force exerted only when 
it is allowed to shorten very slowly. The force exerted decreases as the speed 
of shortening increases. 

The nature of the physical property which underlies the contractile 
mechanism, and which is responsible for the variation of force exerted with 
speed of shortening, is not definitely known. It may be any of the properties 
of heterogeneous systems which attain equilibrium slowly, such as the pro- 
perties of viscous elastic systems, the generation of interfacial tension, etc. 
The properties of viscous elastic systems have already been applied to the 
problem of a muscle shortening at varying speeds, and as Gasser and A. V. 
Hill (1) have shown, equilibrium is established in a viscous elastic system under 
str^ at rates which show many analogies with those observed during the 
contraction of muscle. 

On any surface theory of muscular contraction, another property of hetero- 
geneous systems, viz., the slowness of diffusion of adsorbed substances away 
from the interface, may be invoked to explain the slow rate of attainment 
of an equilibrium value of the force exerted. The interfaces between the 
different phases undergo marked decreases in area during contraction, and 
these changes must entail increases in concentration in the interfacial layers. 
These concentrations may be much higher than the equilibrium values corre- 
sponding to the new length of the muscle, and since the establishment of equili- 
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brium by diffusion is a comparatively slow process, there will be a lag in the 
development of the equilibrium interfacial tension. THs lag will be the 
greater the more rapid the shortening. 

Such theories of the cause of the decrease in the mechanical output of a 
muscle under increasing speeds of shortening are not alone sufficient to explain 
all the phenomena observed during shortening. For example, when a .muscle 
undergoing a maximal isometric tetanus is suddenly released from a longer 
to a shorter length, the tension always falls below the isometric tension at 
the shorter length (2). If the decrease in the length is of the order of 10 to 
15 per cent., the whole of the tension disappears momentarily on release. The 
tension corresponding to the shorter length is then developed from zero, at a 
speed which shows that the property of the muscle producing the tension 
has been completely destroyed by the release. On the other hand, the effects 
of extension of a stimulated muscle are not so destructive of the force exerted. 
This never falls to zero on rapid extension from one length to another. 

The shattering effect of a sudden release calls to mind the experiments of 
Langmuir and of Adam (3) on the behaviour of thin films of aliphatic mono- 
basic acids on water. The films of the higher acids become solid under com- 
pression, and when subjected to a force of 60 dynes per cm. begin to break 
down. The surface, invisible at lower compressions, begins to crumplej and 
visible ridges and lines are formed on it. The film is now no longer uniform 
nor continuous, and on account of the slow rate of molecular diffusion in the 
solid state, the recovery of uniformity and continuity is very slow. Thus, 
if the tension of a muscle fibre be produced by the formation of a solid mono- 
molecular film on the surface of the fibrils, the disarrangement of this film, 
which must occur on sudden release, would momentarily reduce the tension 
to zero. The tension would then be re-developed by the repair or re- 
arrangement of this solid film. The rate of repair would be' similar to the 
initial rate of formation of the film. Thus, the assumption of the formation 
of a solid film on the surface of the fibrils during excitation may quite well 
account for the relations established between the speed of shortening and 
the work done.* 

An examination of the physical and chemical properties of muscle reveals 

* A muscle filwre, however, possesses a complex structure and the solid film may not 
cover the whole surface of the fibrils. It may be found only on the anisotrojac zones, in 
which case the release may not immediately be followed by a disarrangement of the solid 
film. The decrease in surface which results from shortening may first occur on the 
isotropic regions of the film and subsequently be ext^ded to the anfeotrojac zones. 
A sudden release followed by a quick stretch may thus have little effect on the tension. 
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several cogent arguments in favour of the above view. One may mention, 
for example, the marked increase in viscosity and elasticity of muscle on 
excitation (1), which is readily understandable if a solid film is produced on 
stimulation. 

In the following pages an attempt has been made to collect together the 
evidence bearing on the possible existence of this solid film and, assuming 
that it is present, to make deductions as to the part which it plays in the con- 
tractile mechanism. 

Molecular Orientation in the Muscle Fibre, 

The occurrence of some form of molecular orientation in muscle has long 
been known. Beck, in 1839, discovered that striated muscle was doubly 
refracting. Subsequent work on dead and living muscle has confirmed the 
observation and has shown that the optical anisotropy is limited to well- 
defined segments of the muscle. A muscle fibre appears in longitudinal cross- 
section as if it were constructed of fibrils, each of which is regularly segmented, 
the separate layers exhibiting marked differences in their optical and other 
physical properties (4). One of the regularly repeated segments is very 
strongly positively doubly refracting. Its chemical nature is unknown, but 
it behaves like a protein in that it swells in dilute acids. The optic axis 
usually lies in the direction of the length of the fibrils. During the contraction 
of the muscle, the anisotropic and isotropic striae or rods undergo a rapid 
shortening; the material composing the segments undergoes considerable 
movement under pressure. The anisotropic regions thus possess the 
mobility and structure normally associated with crystalline liquids. Under 
the movement, the anisotropy decreases, a change expected if the anisotropy 
be due to the liquid crystalline state of matter. There has been much 
discussion as to the nature of the volume changes on contraction, but as most 
of the observations have been made on dead muscle (5), caution must be 
exercised in applying the conclusions reached to living muscle. Hlirthle (6), 
however, maintains that the isotropic portions of the living muscle increase 
in volume at the expense of the remaining segments. 

The chemical nature of these anisotropic bodies is uncertain. They very 
probably consist of compounds with long carbon chains, since anisotropy in 
the liquid state is almost exclusively limited to this type of compound. The 
lateral attraction between the carbon chains forms an essential element in the 
stability of the anisotropic structure. Since several naturally occurring 
lipoids, cerebrosides, and cholesteryl derivatives, e.g,, lecithin (7), kephalin (8), 
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plirenosin (9), protagon (10), etc., are known to occur in the anisotropic liquid 
condition, one or other of these substances may be present in the anisotropic 
segments. It is unlikely that they form the whole of the non-aqueous material 
in these segments, since these behave towards acids as if they contained 
protein. Indeed, the possibility must not be overlooked that the protein 
itself occurs in the liquid crystalline state.* 

Conclusions of a general character may, however, be drawn as to the 
nature of the orientation in the muscle fibrils, from observations made on the 
structure of anisotropic liquids and the solids of the long-chain carbon 
compounds. Microscopical and X-ray examination of anisotropic liquids 
has thrown light on the nature of the molecular orientation. It is very much 
less complete than in solid crystals. Types have been discovered ranging 
from those which show no structure under X-rays to those of which the X-ray 
spectrogram is scarcely distinguishable from that of solid substance. 
G. Friedel (11) has classified them into nematic, cholesteryl and smectic 
groups respectively. Up to the present, X-ray examination of the first two 
groups has failed to reveal the exact nature of the molecular orientation (12), 
but from microscopic examination Kriedel deduces that the molecules are 
arranged in chains normal to the bounding surfaces of the liquid. In the 
cholesteryl, but not in the nematic type, a spiral arrangement of the molecules 
is pr^nt. Anisotropic liquids of the smectic type, under the microscope, 
show a focal structure, liquids cL conique. On examination with X-rays, they 
show a set of equidistant planes along which the molecules are arranged. 
Ethyl p azoxy-benzoate and ethyl p azoxy-cinnamate, which are definitely 
liquids a coniquey possess one set of such planes (13), the distance between 
which is greater than between corresponding planes in the solid state. Soap 
curds, the oleates of ammonium, sodium and potassium, show evidence of 
orientation in three directions in space (14). Their degree of molecular 
orientation and their rigidity are intermediate in character between those of 
the smectic and the solid states. Piper and Grindley (15), from an X-ray 
examination of soap curds, came to the conclusion that the carbon chains are 
arranged as in crystals of the aliphatic acids (16). In these the crystal umt 
contains two chemical molecules with the carboxyl groups in juxtaposition. 
The juxtaposed carboxyl groups lie in sets of parallel plan^ throughout 

* The results of Sttibel (‘AroMv fiir Physiol.,^ vol. 201, p. 643 (1923)) indicate that 
the double refraction of muscle fibre is due to the presence of negatively double 
refracting lipoid, and positively double refeacting protein. In addition, a double 
refraction is present due to a rod-like arrangem^t of the protein particles. » 
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the crystal, and the terminal methyl groups lie in planes parallel to 
these. 

In the solid state the inclination of the carbon chains to the planes containing 
the terminal groups varies "with the nature of the terminal group. The 
direction and intensity of attraction between these groups determines to 
some extent the direction of the carbon chains. In the esters of the aliphatic 
acids, the chain direction is at right angles to the planes ah (fig. 1) containing 
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the terminal groups (16), but in the aliphatic acids the angle is approximately 
55°,* [From the nature of the figures obtained under the microscope with 
conver^nt polarised light, the structure for these acids would appear to be 
that shown in the figure (17). 

If the anisotropic segments in a muscle fibre be composed of substances 
in the smectic state, e.g,, of substances like lecithin, protagon, cholestery] 
stearate, salts of fatty acids, etc., or even the sodium salts of proteins, the 
molecular orientation will very probably resemble that of the esters of the 
fatty acids. The chains of stearic, linoleic acids, etc., will be orientated in a 
direction paraUel to the optic axis (14), i.e., to the axis of the muscle fibril 
in striated muscle. The sets of planes containing the terminal groups will 

be at right angles to this direction. The viscosity of the structure may be 
somewhat high. 

H the amsotropio Hquids are nematic or cholesteryl in type, e.g., 

* (‘Nature,’ yoL 116, p. 45 (1925) ) has recently shown that the angle for one 

form of steanc acid is 59 • 7°, . » 
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cholesteryl butyrate, the chains of molecules "will be in the same direction, 
but the viscosity will be much lower. The arrangement of the terminal 
groups in sets of planes may be absent. This reduces the viscosity to such an 
extent that the Brownian movement of dust particles across the crystal 
boundaries may be unhindered (11). 


Formation of Solid Films and the Production of a Tension. 

The source of the energy of muscular contraction is the free energy of the 
change glycogen to sodium (or potassium) lactate, and in the recovery process 
the conversion of a portion of the latter into carbon dioxide. . The mechanism 
by which these changes are brought about, whether electrochemical or 
chemical, is not material to the present argument. An essential step in the 
process is, however, the production of lactic acid. This substance, a moderately 
strong acid, K = 1-38 X 10“^, almost fully ionised at the of the interior 
of the muscle, mi^t by processes of hydrolysis bring about changes in the 
materials composing the segments of the fibrils. The esters and salts of the 
fatty acids, lipoids, etc., present in the anisotropic segments, might, therefore, 
be converted into fatty acids which, if produced in the surface molecular layer 
of the segments, would be capable of giving sohd films. Several reasons 
may be advanced to show that this change would be accompanied by the 
development of a tension. 

(1) The anisotropic liquids possess a looser structure than the solid state. 
The distance between the sets of planes is greater (13). The change of a film 
of a crystalline liquid into the solid state would occur with contraction in the 
direction of the optic axis. 

(2) A chemical change occurring at the terminal groups, e.g., a removal 
of phosphoric acid complex from lipoids, of alcohol from ester, and the 
conversion of a salt into an acid, would result in a decrease in the length of the 
unit crystal cell. 

(3) The change in the chemical nature of the terminal group may cause 
re-orientation of the carbon chains as in fig. 1. This would produce a 
shortening in a direction parallel to the axis of the muscle fibril. These effects, 
occurring either singly or together, might account for the rise of tension 
occurring in the initial stages 'of the activity of a muscle fibre. 
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The Sowrce of Potential Energy m Musde Contra^ion. 

The precise nature of the excitation process, and the detailed TnftchnTn'am 
of the consequent chemical reactions, are unkno-wn. The main chemical 
change, however, is the conversion of glycogen into sodium lactate, 
a c 

(1) glycogen ^ lactic acid ^ sodium lactate, which supplies the 
b i 

chemical energy set free in the initial phases of the contraction. 

In the resting muscle, ^ycogen is only very slowly converted into lactic 
acid, and the reverse change (6) occurs hut slowly in the recovery phase, when 
it is accompanied by the oxidation of part of the lactic acid to carbon 
dioxide. Both of the processes appear to be speeded up in stimulated muscle. 
There is no doubt about the increase in speed of conversion of glycogen into 
lactic acid during stimulation, but there is only iudirect evidence for the 
speeding up of the reverse change {see p. 54). 

Many of the phenomena occurring during muscular contraction may be 
accounted for if it be assumed that the production of lactic add follows a 
reversible reaction of the type : — 

® — lactic acid, which occurs in the resting muscle very slowly. 

. A is a product intermediate between glycogen and lactic acid, possibly a hexose 
phosphate, which is present in small amount and replenished from the reserve 
of ^yw^en as it is itself used up. B is an active intermediate form of both A 
and lactic add, which possesses a short-life period. It is assumed that it is 
formed from both A and lactic add with an absorption of energy, and hence 
can only be produced from molecules with energies higher than the average. The 
number of B giving A bears a fixed ratio to the number giving lactic acid, other- 
wise a position of equilibrium in the system could not be established. The 
velocity of approach towards equilibrium is dependent on the rate of pro- 
duction of B. This proceeds extremely slowly in the resting muscle, but is 

catalysed by some unknown mechanism during the process of excitation of the 
muscle. 


Moleoular Activation by Swface Energy. 

L^vmg on one side the mechanism by which A is activated on stimulation 
w ch It may be possible to explain on the Lillie model (18), it is of interest to 
consider a general case, the possibility of activation as a direct result of the 
changes in surface energy during the movement of the interfaces of the muscle 
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fibre. This is a factor which may play a large part in the economy of the living 
ceU. 

In a moving heterogeneons system such as living muscle, where the area of 
the surfaces is continually changing, there will be fluctuations in the surface 
energy which will lead to local changes in the energy content of the molecules 
adjacent to the surface. These changes may play a part in speeding up or 
retarding chemical change. For example, energy is liberated on decrease in 
area of a surface. As the surface decreases, since the energy of the surface 
molecules is higher than that of the average molecule in the interior of the 
liquid, some of these molecules will pass into the interior with energies above the 
average, and possibly their energy content may be sufficiently high to enable 
them to imdergo chemical change. On the other hand, a portion of their energy 
may be dissipated as heat to their surroundings. ■ In the case of an orientated 
surface film, it is possible that all of the molecules liberated by the decrease in 
area undergo chemical change. 

The same arguments will apply to the change in area of a surface whicL is 
generating a tension, or to a change in the tension of a surface at constant area. 
In these cases stOl larger amounts of energy may be available for molecular 
activation. Under favourable circumstances, it would be possible for a large 
projbrtion of the free energy change of a surface, not utilised as external work, 
to be stored in this way as chemical energy. Thus if, owing to any cause, the 
whole of the enei^ of a surface is not utilised in doing external work, it might 
be stored as chemical energy and as such again available as a source of potential 
energy. Thus in the muscle a mechanism may be included by which part at 
least of the energy set free and not employed in doing external work may be 
stored as chemical energy. In terms of the chemical changes occurring in the 
muscle, this means that when the energy liberated during the conversion of 
glycogen to lactic acid is not utilised in doing external work, in part at least, the 
convemion of lactic acid back into glycogen might occur. 


A Model of Muscular Action, 

A model of a segment of a muscle fibre is put forward in this paper, which it 
is hoped may illustrate the nature of the variations in the potential energy and 
tension obtained on stimulating a muscle fibre under various conditions. In 
fig. 2, a longitudinal section is given of one of the anisotropc segments of a 
muscle fibril. The section cdd'c' is supposed to consist of an anisotropic liquid 
in the form of a potassium salt, and to be pern^eated by alkali. Lactic acid is 
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assumed to be produced on membrane I inside the sections Mo and a'h'd'c'. It 
is iJms contained ■within 'the two membranes I and II, which are regarded as 

being a few molecular layers apart. The lactic 
acid produced reacts on 'the surface of the 
anisotropic [liquid to give a solid membrane, 
•with the formation of potassium lactate. This 
is imagined to produce a tension paraEelto the 
axis of the fibril. On relaxation, the main 
change is the disappearance of the solid film 
under the action of alkali. Thus a series of 
consecutive reactions* occurs in the form of a 
pulse across the membranes into the interior 
of the fibril. Movement of -the membranes 
while -the pulse is in progress ■will induce energy 
changes in -the path of the reactions. The effect 
of such changes will ob'viously depend on ■the 
tiTOA wjuch has elapsed after stimulation. These phenomena will be dealt 
wi^ later. 


^ 'Crystals^ 



b d 


d‘ 


2 . 


Production of Energy in Mmcle, 

The amount of energy set free in a muscle fibre is dependent not only on 
the duration of the stimulus, but also on the temperature and the mechanical 
conditions obtaining during contraction (19). The series of chemical and 
physical processes set in motion by the stimulus are affected by changes occur- 
ring in the muscle subsequent to the initiation of the pulse. The changes 
commencing with the disappearance of glycogen, and te rmin ating with the 
formation of sodium lactate and the liberation of heat and mechanical energy, 
are capable of being accelerated, retarded, or even reversed, by stretching or 
shortening the muscle at various stages after stimulation. The correlation 
of th^e numerous factors is a matter of considerable difficulty, especially as 
information about the mechanical structure and chemical composition of the 
muscle is very scanty. It is thus impossible to do more than to suggest a 
correlation of a general and somewhat tentative nature. It is hoped that this 
will be possible with the aid of the conceptions advanced above. 

The simplest case is that in which the muscle is stimulated at the normal 
resting length under such conditions that the length does not vary during 

* There should be no difficulty in dealing with these reactions quantitatively, providing 
the t^ion-time curve gives a true measure of the state of the solid iahn. 
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the activity. It is under these conditions that the simplest relationships have 
been found between the tension and the energy liberated. 

The duration of and the total energy Kberated in an isometric twitch decrease 
with increase in temperature. A. V, Hill (20) has suggested that the shorter 
duration of the twitch is the cause of the smaller evolution of energy. This 
suggestion appears to give a satisfactory explanation of the facts without 
providing a detailed mechanism for the operations by which the conversion of 
glycogen is initiated. It is clear that the amount of chemical chaise at a 
membrane must be proportional to the time that the membrane is in operation. 

In a prolonged tetanus the energy consumed in maintaining the tension 
may be larger than that required initially to establish it. The rate of develop- 
ment of energy here becomes an important factor. This is governed {a) by 
the rate at which glycogen can be converted into its activated form, aM 
(6) by the rate at which the substance generating the tension is removed 
from its sphere of action by alkali. A stationary state is induced, as long 
as the tetanus lasts, in which the rate of flow of energy through the system is 
governed by the rates of the processes occurring at membranes I and II (fig. 2). 
At I the principal process is the conversion of glycogen to lactic acid, and at 
II the formation of the solid film and its destruction by alkali. The rates at 
which the processes take place at the two membranes will very probably be 
dependent on one another. Certainly the rate of formation of the solid film 
will be determined by the rate of liberation of lactic acid at membrane I. It is 
conceivftble also that the rate of production of lactic acid at I may not be 
independent of its rate of removal at II. An accumulation of lactic acid 
between the two membranes set back the velocity with which glycogen 
is converted into lactic acid. 

Any changes at membranes I and II will of necessity affect the rates of 
reaction and the rate of flow of energy through the system. These changes at 
the membranes may be of two types. They may be such that changes in area 
of the membranes are made and completed before excitation, as is for all 
practical purposes the case in measurements of isometric tension 6n muscle at 
varying lengths ; or the membranes may be disturbed by movements, exten^on 
or shortening, during the period in which the train of chemical and physical 
changes passes across the muscle fibre. 

Variation of Total Energy with Length of Musde. 

The variation of total energy with length has recently been inv^tigated by 
A. V. Hill (21) for lengths both greater and le^ than the normal ruling length, 
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The r^Tilts are shown in fig. 3 (p. 63), which is self-explanatory. A maximum 
heat evolution occurs at or near the resting length. In these experiments, 
since the stimulus may be of short duration, the heat evolution is very largely 
determined by the events happening at membrane I. We can leave out of 
account those at membrane II. 

Tty order to obtain an insight into the relationship between length of muscle 
and heat production, a knowledge of the mechanism occurring at membrane I 
is needed. This is lacking, but a qualitative explanation of the results may 
be given if it be assumed that the transmission of the stimulus occurs along a 
monomolecular film wHch is situated on membrane I. The rate of production 
of lactic acid may be proportional to the area of this film and its state of 
compr^ion. If it be assumed that this monomolecular film covers the surface 
of the fibre completely at the resting length, then a qualitative explanation 
of the maximum may be given in terms of the change in properties of this 
filra when extended or shortened. On eactending the film it will become 
discontinuous, and this change, possibly by modifying the transmission wave, 
may result in a decrease in the heat production for lengths of muscle greater 
than the normal resting length. On shortening, the film will be compressed 
and its area reduced as a/T? and this may account for the decrease in the heat 
liberated on shortening the fibre. 

In a prolonged tetanus the area of the second membrane and its effect on 
the rate of formation of sodium lactate will very probably have to be taken 
into account. This rate would appear to increase with the area. 

The effect of movements of the membranes during the development of a 
tension would be expected to give rise to a complex group of phenomena in 
which the changes in surface energy of the membranes will play an important 
part. These will be discussed later. 

Development of Tension, 

(a) Isometric twitch at the resting length of the muscle, — In a muscle twitch, 
stimulated by an induction shock or a tetanus of short duration, a constant 
relation exists between the heat production and the tension developed (20). 
H/TZ is a constant independent of the temperature, for a muscle at lengths 
not very different from its resting unloaded length. H is the heat production 
in ejgs, T the force in dynes, and I is the length of the muscle in centimetres. 
With these units, H/TZ = 0-21. This ratio is all the more important since 
although temperature affects both H and T it leaves the ratio constant. 

In terms of the chemical changes occurring in muscle, this relationship can 
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be interpreted only in one way, namely, tKat the force developed is propor- 
tional to the amonnt of glycogen converted into sodium lactate. This relation- 
ship between the force developed and the sodium lactate produced receives 
a simple interpretation on the above model. The sodium lactate is regarded 
as being produced only by reaction between lactic acid and the anisotropic 
liquid surface. This reaction is imagined to set free one straight-chain acid 
for every molecule of lactic acid liberated. The force developed is thus pro- 
portional to the number of molecules of straight-chain acids set free on the 
surface of the fibrils. Th*e force generated may be written T = hmnr^ where 
T is the force, X; is a constant, n the number of molecules of lactic acid liberated 
on unit area, r the radius, and m the number of fibrils in the muscle. 

(6) Prolonged tetanus . — ^There are two components in prolonged tetanus, one 
concerned with the development of potential energy and the other with its 
maintenance at a constant level. The energy required in the two processes 
can be represented by the equation, H = Tia (Z + bx) (20) in which H is the 
total energy, T is the maximum force, I is the length of muscle, x is the duration 
of stimulus, and a and h are constants : a is independent of temperature, and 
h increases 2-3 times for 10°. It is suggested that TZa represents the chemical 
energy necessary to build up a solid film one molecule thick on the anisotropic 
segments, and that the term TZa6cc is the energy required to maintain ihe film 
so produced, which is attacked by alkali at the same time as it is being built 
up under the action of lactic acid. The temperature coefficient of h is that of 
the reaction between the solid film and alkali. This hypothesis of the forma- 
tion of a monomolecular film could be readily tested by a simple calculation 
were the experimental data available. Approximate data already known 
serve to show that there is nothing inherently improbable in the assumption. 

According to the calculations of A. V. HiH (2) the area of the muscle fibrils 
in 1 c.c. of muscle is 20,000 square centimetres (Bernstein) and the lactic acid 
liberated in a maximal contraction, if spread out as a continuous monomole- 
cular Sim, would occupy an area of 1/44 of this. This calculalion was n^de 
on . the assumption that the area occupied by one molecule of lactic acid is 
21 X 10”^® square centimetres. The area occupied by a molecule of stearic 
acid, if it be arranged with the carbon chain in the surface, will be Z X where 
Z = 20 X 10"® centimetres, and ^ == 4 X 10"® centimetres approximately. 
A monomolecular film of stearic acid could thus be produced, as a result of the 
chemical change occurring in a maximal contraction, on 2,000 square centi- 
metres of muscle. This area is one-tenth of that of the* muscle fibrils. 

Since the area of the anisotropic segments is a greater fraction than one-tmth 

E 2 
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of the total area, this amoTint of stearic acid is apparently insufficient to form a 
monomolecular fflYn over these segments. Although stearic acid is actually 
present in the muscle, and would he a likely source of the solid film, it is possible 
that another substance, e.gr., a protein molecule, with an area about four times 
that of stearic acid, forms the contractile film. The calculation, however, of 
the area of the muscle fibrils is only approximate and the discrepancy may very 
probably be due to this cause. 

An argument in favour of the view that the contractile mechanism is 
associated with the surface of the fibres, rather than that of the fibrils, is that 
sufficient lactic acid is produced in a maximal contraction to form a mono- 
molecular film of this substance on the surface of the fibres. The area of cross- 
section of a stearic acid molecule is approximately the same as that of lactic 
acid, and a fihn of stearic acid arranged with its carbon chains at right angles 
to the surface contains approximately the same number of molecules as a 
monomolecular film of lactic acid. The optical evidence is, however, against 
the presence of a film in which the carbon chains lie at right angles to the 
direction of the fibre, for the optic axis of the anisotropic segments lies parallel 
to this length. It is a reasonable assumption to make that the orientation of 
the long chains in the solid film will.be the same as in the anisotropic liquids 
forming the segments. 

Length of Muscle and the Tension developed on Isometric Contraction, 

The curve (fig. 3) showing the variation of tension with muscle length possesses 
points of similarity with the curve of heat production, giving a maximum nearly 
at the same point (21). The tension, however, decreases to zero when the 
length is reduced to one-half of the resting length of the muscle and would 
appear to decrease equally rapidly for the same percentage of stretching. 
The tensions on the right of the maximum are those due to the contractile 
mechanism alone, since the tension due to the initial stretching has been 
deducted. Those on the left, however, include the restoring force of the 
contracted muscle, which acts against the tension set up by the contractile 
mechanism. 

These .experimental results on the relationship between length and tension 
developed are difficult to explain in terms of the proposed model, mainly 
because of the complex nature of the phenomena. The change in length has 
affected not only the contractile mechanism but also the mechanism which 
regulates the initial conversion of glycogen into lactic acid. As the latter is 
not thoroughly understood, it is almost impossible to throw much light on the 
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above results. Also the manner in which the contractile mechanism is afEected 
by extension or stretching is by no means clear. For lengths less than the 



LENGTH - % UNLOADED LENGTH 

Fiq. 3 . 


normal resting length, the relationship between the restoring force and length 
is nnknown, so that the actual tension due to the solid film cannot be calculated. 
For lengths above the normal resting length, the decrease in tension may be 
due to the partial destruction of the surfaces of the anisotropic segments. 

PoterUicd Energy Changes in Muscle as a Result of Movement of the MertHbrarm 
either During or After Stimulus. 

A movement of the membranes while the reaction pulse is in progress across 
the fibrils wiU, it is anticipated, modify the speeds of the chemical reactions at 
the membranes. In the first place, compression and rarefaction of the 
membranes I and II will affect the speed. From analogy with gaseous reactions, 
where an increase in pressure affects the speed of bi- and multi-molecular 
reactions, it is probable that compr^sion of a film or membrane will increase, 
and extension diminish, the velocity of the chemical processes occurrmg in it. 
In the second place, the liberation or absorption of energy by surfaces 
during the shortening or extension of the fiOims will also influence the speed. 
This factor will operate in the same direction as compression and rarefaction. 

During the stimulus itself the predominant change is the formation of lactic 
acid from the precursor A on membrane I, and this reaction will be acceterate^ 
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during tie shortening of the muscle fibril and dinoinished during extension. 
Movement after stimulation has ceased will mainly modify the speeds of the 
chemical reactions occurring on membrane II. At this phase, a store of 
activated lactic acid will still be present between the two membranes. This 
store is undergoing change, partly into potassium lactate, giving a solid film on 
membrane II, and partly into glycogen. The sohd film is, however, being 
destmyed by alkali, and the tension developed by this film is slowly decreasing 
with time. A rapid release at this stage destroys the tension. The surface 
ene]^ may either be dissipated as heat or may be stored by way of the 
activation of lactic acid molecules, which pass into the precursor A according 
to the reaction : lactic acid A. This reaction can proceed only so 

far as the equilibrium position. 

On the other hand, an extension during this stage brings a larger quantity 
of lactic acid into contact with the anisotropic surface, and hence diminishes 
the number of activated lactic acid molecules which would normally pass 
into A. Thus an extension tends to drive the reaction to the right, while a 
shortening works in the opposite direction (equation 2, p. 46). 

Thus the energy liberated wiU be high when the muscle is released during 
stimulus or extended after stimulus, and low when extended during stimulus 
or released after stimulus. These consequences are in general agreement 
with the experimental results of Fenn (22) and of Azuma (19). 

Chmges in the Tension as the BesuU of Movement of the Muscle during Stimulus. 

The effect of a sudden release of a muscle fibre during isometric tetanus 
has already been shown to be in accord with the view that a solid film is 
produced. An extension from one length to another when the muscle is 
under isometric contraction produces changes in tension which are also in 
accord with this assumption. Gasser and Hill have shown that after a sudden 
stretch from one length to another the tension at jfirst fell back to the initial 
value for the shorter length, and then slowly rose to the isometric tension 
for the greater length. If, however, the stretch was slow the tension at 
every moment was that corresponding to the equilibrium values of the tension- 
length diagram. 

The behaviour of the solid film on stretching will depend on its tensile 
strength. As the area increases, the expansion may occur without rupture, 
or the film may break irregularly over certain segments. In the former 
case, it would be expected that the tension would be unimpaired on return 
to the longer length. On the other hand, if the film be disrupted it is 
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doubtful if the initial tension would be attained after the stretch. It thus 
appears that under the experimental conditions of Gasser and TTill the 
rupture of the film does not occur on stretching. The eq^uilibrium value 
for the tension at the new length is imagined to be set up by a molecular 
rearrangement in the solid film and the liquid crystals. In the course of 
this there will be a further action between the lactic acid and the material 
composing the liquid* crystals. With a very slow stretch, the rate of re- 
arrangement is such that the equilibrium value for the tension is attained 
throughout. The maxima obtained with stretches of intermediate rapidity 
are best explained as due to elastic-viscous phenomena. The effect of a 
shortening, followed by a quick stretch, has already been referred to. 

I am much indebted to Prof, A. V. Hill for experimental data bearing on the 
problem of muscle contraction, and for his kind advice on the physiological 
aspects of this paper. 

Summary. 

A mechanism of muscular contraction is proposed, in which it is suggested 
that the tension generated on applying a stimulus to a muscle fibre is due to 
the formation of a solid film on the surfaces of the ultimate fibrils of the muscle. 

The evidence bearing on the occurrence of molecular orientation in muscle 
fibre is collected together, and it is concluded that liquid crj^stals composed of 
long-chain carbon compounds are present in the anisotropic segments of the 
muscle. The molecules of the long-chain carbon compounds are orientated 
with their chains in a direction parallel to the axis of the fibre. 

The manner in which a solid film might be produced on the surface of the 
anisotropic segments by the action of lactic acid and the conditions under 
which a tension could be developed are discussed. 

It is suggested that glycogen is converted into potassium lactate according to 
the series of reversible reactions, A B lactic acid, where A is a product 
formed from glycogen and B is an intermediate active form of both A and 
lactic acid. The direction of the chemical reaction may be influenced by 
alteration of the surface energy of the membranes during movements of the 
muscle. When the energy liberated during the conversion of glycogen into 
lactic acid is not utilised in doing external work, it may be stored, in part, 
by a reversal of the above reactions. 

A simple model of an anisotropic segment of a muscle fibril is given, in 
which these conclusions are embodied. It is shown that the assumption of 
the production of a solid film, on the anisotropic segmenfa, by the action of 
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lactic acid, is in accord witli the experiraental results on the force exerted, 
and the total energy liberated by a muscle when stimulated under various 
mechanical conditions. 
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The Effects of Calcium and Potassium Ions on Urine Secretion^ as 
Studied in the lohole Animal, 

By L* Brull and F. Eichholtz. 

(Conmmnicated by Prof. E. H. Starling, Fonlerton Professor of tbe Eoyal 
Society. — Beceived August 6, 1925.) 

(Prom the Physiology Institute, University College, London.) 

In a previous paper Eichboltz and Starling (1) Ixave described tbe effect of 
Ca and K ions on tbe kidney connected with tbe beart-lung preparation. They 
bave shown that these salts, when actiag together, have definite results on 
tbe volume and tbe composition of tbe urine yielded by tbe isolated gland. 

These effects are ; — 

(1) Increase of urine flow. 

(2) Increase of 01 percentage in tbe urine up to tbe chloride level of tbe 
seruna. 

(3) Stoppage of tbe inorganic P excretion produced by tbe injection of 

inorganic P. * * • 

Attempts bave been made to see whether and to what extent these state- 
ments can be confirmed on tbe whole animal. Thirty-five experiments bave 
been performed. 

Methods. 

Our experiments were performed on dogs, ansestbetized by moipbia and 
cbloralose. A little chloroform-ether was given until tbe cbloralose was injected. 
Tbe animals were on a variable diet before tbe experiments. 

Blood pressure was measured from tbe carotid, urine flow by catbeterizing 
both ureters separately. In all experiments tbe left kidney was denervated 
from tbe back. When tbe pituitary body was removed, tbe way of approach 
was tbe temporal one. Tbe chemical determinations were perform^ according 
to tbe methods mentioned in Starling and Yerney's paper (2). 

Experimental Results. 

Two points are to be considered in this paper, viz. : — 

(1) Effect on water output. (2) Effect on chloride percentage. 

Since in most cases these elements seem to iDebave independently, we shall 
deal with them singly, Tbe question of tbe pbc^pbate output in tbe whole 



58 L. Brull and F. Eichholtz. 

fl.-niTna.1 has been the object of a special study and will be treated of 
separately. 

I. Water Output 

Under the experimental conditions mentioned above, the average urine flow 
in a dog of 10 kgr. is about 1 c.c. per 10 minutes per Mdney. On the denervated 
side it is generally higher, and the spontaneous or artificially produced varia- 
tions in volume are often more marked than in the intact gland. 

The following figures give an idea of the average results of intravenous 
infusions of isotonic NaCl, KCL, and NaCl + CaCla : — 


Experiment I. — Dog, 7 kgr. 


Time. 

! Arteiial 
pressure. 

Cubic 
centi- 
1 metres 
i urine 
right 
kidney. | 

a 

per 

cent, 

right 

ki<mey. 

Serum. 

Cl 

per 

cent. 

Blood 

hsem. 

per 

cent. 

Total solids 
per cent. 

10*15 

] 



0-72 

100 

6*81 

200 c.c. tap w'ater per 








08, 

12-15 

130 

0*6 

0-11 


* 



12-35 

135' 

1*3 






13-00 

135 

2*0 

0*62 




^4 c.c. isot. KaCl per 

13-20 


2*5 



86 

5*66 

1 minute intravenously. 

13-30 

135 

3*2 

0*85 





13-50 

140 

6*7 

0-89 




2 c.c. isot. NaCl. 








^2 c.c. isot. KCl per 

U-05 

165 

16*0 

0-93 

0-73 

86 

5*33 

I minute. 

14-15 

130 

19*5 

0-91 



< 

i r 2 c.c. isot. KaCl. 

14-25 

145 

4*6 

1*05 




N 2 c.c. isot. CaClg per 







1 

[ 1 minute. 

14-35 

145 

2-6 

1-21 

0-80 


4,876^ 

1 


Notice ^ — In all the experiments, the volumes of urine indicated are calculated per ten minutes 
and put down on the graphs and figures on the lime (at which) the collection is completed. 


These figures show that gradual infusion, of large amounts of NaCl increase 
the water output, but not to a high extent. KCl has a much more pronounced 
effect, and this effect is not increased by Ca. 

It was shown by Starling (2) and Eichholtz (1) (loc, cit) that K may increase 
the water output from the isolated kidney, and by L. Brull (3) on the whole 
animal that Oa alone does not possess that property. When KCl and CaCl 2 
are given together, it seems that the K ion plays the biggest r61e as regards 
urine volume. As to the mechanism of this action on water output, we are 
unable to supply a complete explanation. 

The following figures of haemoglobin and total solids of the serum, taken 
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during Na and K diniesis, sIlow that the relatively greater effect of the latter 
is not due to hydreemia. 



Total solids 
per cent, 
in serum. 

Hsemoglobin 
per cent. 

Urine flow 
in 10' 

Before any infusion 

6*520 

105 

1*0 

After isotonic KaCl 

6*020 

80 

2*0 

After isotonic CaCP KCl 

6*073 

95 

5*0 



It is remarkable that in several experiments we found a divergence between 
the figures of total solids of the serum and the percentage of haemoglobin. After 
CaK the serum solids remain on the lowered level produced by the constant 
infusion of fluid, but the haemoglobin content often recovers partially or totally 
its previous level. 

Barcroft and his collaborators (4) have suggested that the spleen may be 
considered as a reservour of red corpuscles. They find that a constriction of 
this organ’s vessels may throw into the circulation a significant amount of 
haemoglobin. As it has been found by one of us (3) that the spleen is more 
sensitive than other organs to the vaso-constrictor effect of Ca, it might be 
that, when large amounts of CaK are infused, this effect appears first in the 
spleen and modifies the haemoglobin percentage of the blood without affecting 
the composition of the serum. 

II. Chloride Output. 

A. Intact Animal , — ^In the L.H.K.* preparation Ca + K tend to change the 
urine into a glomerular filtrate, i.e., the Cl percentage becomes the same in 
the urine and plasma. 

The question of the output of Cl appears to be much more complicated than 
the study of the water output. In Experiment II everything looks quite 
simple. 

The Cl percentage rose to about the serum l6vel, together with the increased 
urine flow, and one would draw the conclusion that in the whole animal as 
well as in the isolated kidney Ca + prevent tubular reabsorption of chlorides. 


* J.e., lung-bearfe-Mdney prepa^iioa. 
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Experiment IL — ^Dog, 7*5 kgr. 


Time. 

Arterial 

pressure. 

Tempera- 

ture. 

Cubic 
centi- 
metres 
urine 
left 
kidney 
in 10'. 

Cubic 
centi- j 
metres 
urine j 
right 
kicfiiey 
in 10'. i 

Cl 

per 

cent, j 
urine 
left , 
kidney. 

Cl per cent, 
urine 

right kidney. 

11-15 

120 

36 

0-6 

0-4 

0-13 

0-08 

11 -SO 

120 


0-6 

i 0-4 


i 

11-36 






i 100 mgr. Ca fisotonic 







100 mgr. K -! intraven- 







1 ously. 

11-45 

120 


1-0 

0-4 

0-37 

0-37 

12-00 

110-120 

36-5 

1-7 

1-3 

0*40 

0-29 

12-15 

110 


1-8 

0-0 

0-69 

0-27 

12-30 

105 

36 

1-7 

0-9 

0*77 


12-46 

100 

37 

1-3 

0-8 

0*79 1 

0-48 

13-06 

130 


1-6 

0-4 

0-13 1 

1 







y 0-08 

14-05 

130 

38 

0-6 

0-5 


J 


But in other experiments the results were just the opposite, as shown by the 
following figures : — 


Time. 

Pressure. 

Tempera- 

ture. 

Cubic 
centimetre 
urine left 
kidney. 

Cubic 

! centimetre 
! urine right 
kidney. 

Cl per cent, 
right kidney. 

10-06 

145 

35 

3-2 

1-8 

0-56 

11-10 

145 


3-8 

2-5 

0-42 






200 mgr. Ca, 400 




i 


mgr. Kin 60 c.c* 






(chlorides) 

10-15 

145 


4-1 

3-2 

0-43 

10-25 

150 

35-5 

4-6 

■ 4-7 

0-32 

10-35 

145 


3-4 

3-2 

0-32 

10-45 

145 


2-8 

2-1 

0-31 

10-55 

145 


1-8 

2-2 . 


11-05 i 

140 


1-4 

1-9 

0-28 

11-15 ; 

140 

36 





These variable effects appeared in several experiments, and it looked as if 
we should not get any defimte or constant result. The question arose, for 
what reasons the L.H.K. gives results which one cannot reproduce in the 
whole animal. There were at least three possible answers to that question : — 

(1) In the whole animal one or more organs may prevent the effect of 
Ca + K on Cl output. 
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(2) The bulk of tissues may absorb the greater part of the injected Ca -{- K 
or of one of these two elements, and prevent them from acting on the 
kidney in a sufficient concentration. 

(3) The kidney of Starling and Verney’s preparation may not be a normal 

one. 

To resolve the first problem we tried the effect of removing systematically 
the different organs of the body, so as to determine which was the organ whose 
interaction with the kidney caused the latter to behave differently from the 
isolated kidney. For two reasons we chose as our first point of attack the 
pituitary body. 

Starling and Verney have shown (Zoo. ciL) that the urine of the L.H.K. is 
like a polyuric one, with decreasing Cl percentage, and that injections of 
pituitrm are able to change this kind of diabetus insipidus into a normal state 
-as regards Cl and water output. By that statement the attention of physio- 
logists is once more called to the possibility of the existence of a hormonal 
.action of the pituitary body. 

On the other hand, Verney (oral communication of yet unpublished ex- 
periments) found, among other facts, that after removal of this gland from 
the whole animal, the kidney loses in the next few hours its ability to 
•concentrate Cl. 

B. Chloride Output after Removal of the Pituitary . — This gave us the oppor- 
tunity of getting a step nearer to the state of the isolated kidney. 

We carried out several experiments which confirmed Verney’s statement. 
The chlorides drop more or less rapidly down to nothing after the removal of 
the pituitary. Immediately after the operation the kidney may stiU be able 
to put out Cl in a concentrated form, when this ion is present in high amounts, 
but it reacts as well in this manner to NaCl as to KCl or CaClg. After one or 
two hours, large infusion of NaCl or the small doses of KCl and CaCl^ we used 
generally (about 10 mgr. Ca and 20 mgr. K per kgr.) remain without effect. 
The water output is but Uttle changed and may be slightly iucreased. The 
following experiment is an example : — 
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Experiment 7. — ^Dog, 11 kgr. Pituitary removed at 10.30 h., 400 c.c. tap 

water os. 


B 

Pressure. 

Tempera- 

ture. 

Cubic centimetres 
urine left kidney. 

01 per cent, 
left kidney. 

11-36 

110 

35*5 



11'55 

110 


0*85 

traces 

12*15 

110 ' 


0*85 

0 

12*35 

109 

35*5 

0*60 

0 

12*55 

110 


0*80 

0 150 mgr. Oa, 300 mg. K 





in 36 e.c. 

13*15 

115 

1 

2*55 

0 

13*35 

110 

35*5 

2*40 I 

0 

13*55 

110 

35*0 

1*50 

0 


C. Chloride Output after Skinning or Evisceration. — ^We then tried the effect 
of removing other organs. One animal was skinned. After the operation the 
pr^ure was 80 mm. and a constant infusion of hTaCl was employed in order 
to get a better urine flow. CaK had no appreciable influence on the Cl 
percentage, which remained low throughout the experiment. 

Three other animals were eviscerated, the liver being left. In one case the 
result was negative, in the two others the chlorides were definitely increased. 
But Nad produced some effect as weU. 

Nevertheless, although we had not the impression that evisceration had a 
specific effect on chloride percentage, the results were rather encouraging, 
since they suggested to us that it is easier to get reactions of the kidney to 
chlorides when a big bulk of tissues is removed. 

D. CMoride Output in the Intact Animal^ after Big Doses of CaK. — So doing, 
we were ready to put forward our second hypothesis : viz., that the amounts 
injected into the whole animal must be much higher than those used in perfusion 
experiments, owing to the fact that part of them may find its way into the 
tissues and be practically put out of action. But we met soon with a funda- 
mental objection ; the saturation of the tissues by K and CaGlg requires large 
amounts of salt, so that the body may become saturated with d, which in 
itself might be sufficient to account for the increased chloride output by the 
kidney. To avoid this difficulty the experiihents were performed in the following 
way : a constant infusion of isotonic NaCl or Ca + K chlorides was carried 
out. If in those conditions NaCl could raise the Cl as well as the other two 
salts, the method was useless. 

The following figures give the results on an intact animal : — 
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Experiment 29. — ^Dog, 9-5 Isgr. 


(Time. 

Pressure. 

Cubic 

centi- 

metres 

urine 

right 

kidney. 

Cubic 
; centi- 
metres 
urine 
left 

i kidney. 

Cl per 
cent, 
left 

kidney. 

Serum, 

Cl 

per 

cent. 

Haemo- 
globin 
j per cent. 

Total solids 
per cent. 

10-00 





0*67 


7*64 300 c.c. tap water 








per 08, 

11*50 

120 

0*5 

1*0 

0*67 




12*15 

115 

0*9 

0*9 

0*51 




12*40 

115 

0*8 

1*0 

0*47 

0*67 

105 

6*521 5 c.c, isotonic NaCl 

13*00 


2*0 

1*8 




y per minute intra- 

13*25 

120 

1*8 

1*9 

0*87 



J venously. 

13*45 ] 


1*8 

1*7 

1*02 

0-80 

80 

6*01 

14*05 , 

100-160 

4*6 

4*0 

1-07 


95 

6*071 CaGl 2 4* £C1 isotonic 

14*30 i 

100-160 

6*6 

5*0 

1*24 



( 2*5 c.c. of each per 

14*50 

120-190 

2*6 

4*25 

1*36 



I minute intraven- 

15*20 

120-200 

0*8 

2*0 

1*22 

0*72 

100 

J ously. 

5*92 Infusions stopped. 

15*55 

150-170 

0*5 

1*3 

1*15 




16*16 

150-200 

0*7 

1*5 

1*05 






Intact Animal. Constant isotonic infnsions, 4 c.c. per mmnte. At ba nni n g oi 

200 C.C, tap T^ter by tiio mcwttii^ 
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THe NaCl had but Kttle efEect on water output, but it increased tbe Cl 
percentage in tbe urine from O' 47 to 1'02. Tbe further increase to 1 '36 by 
CaK seemed to be tbe mere dontinuation of a regular curve. Other experiments 
gave tbe same results, as is shown in Graph No. I. (The big effect of CaK on 
water output should be noticed in this chart.) 

. E. OUondes after Removal of the Pituitary cmd Infusion of Large Amomts 
of CaK.—As we had in our hands a means by which we could lower the Cl 
output— namely, the removal of the pituitary— we combined the constant 
infusion of the different salts with this operation. 

In Experiment 19 a constant infusion of NaCl raised the chlorides to 
O' 95-0 -83-0 -94-0 >95-0 -98. The pituitary was then removed, and they 
dropped down to 0'49-0'42-0'31, the infusion being still maintained. 

In other experiments the gland was removed from the beginning. The 
following is an example : — 


Experiment 28. — ^Dog, 9 kgr. 


Time. 

Pressure. 

Cubic 

centi- 

metres 

urine 

left 

kidney^ 

Cubic 
centi- 
metres 
urine 
right i 
kidney. 

1 

ca 

per cent, 
left 

kidney. 

Serum. 

Cl 

per 1 
cent. ! 

Hsemoglobin 
per cent. 

10-00 

1 

ff 





1 

1 300 c.c. tap water per 08 . 

11-00 






j 

[Pituitary removed. 

11-10 

no 

2-2 

2-2 


0-66 

100 


11-30 

115 

3-5 

1-2 

0-09 




11-50 

115 

2-0 




"> 


12-15 

115 

2-0 

1*3 

0 




12-35 

120 

2-0 





^5 c.c. isotonic NaCl per 

12-45 


4-6 



0-71 

72 

minute intravenously. 

12-55 

130 

8-0 

1-4 

■ IIIOI M 




13-05 

110-140 

19-5 

3-5 



< 


13-20 

110-140 

26-0 

8-7 

0-075 



[CaCIg \ isotonic, 2*5 c.c. each 

13-35 

115 

11-0 ! 

5-4 

0-24 


104 

1 KCl J every minute. 

13-45 

115 

3-2 

1*9 

0-48 


1 -J 

1 


See also Graph No. II. 


One can see that after 50 minutes CaK infusion, the chlorides rise from 0 
to 0*48 per cent., whereas NaCl, infused during 125 minutes, was unable to 
produce any concentration. Controls were performed to find out whether one 
of these two ions plays a more important role than the other one. 
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Graph of the results obtained in Experiment 28. (7. Table.) 
Experiment 32 is a K Control. — Dog, 11*250 kgr. 




Cubic cen- 

Cubic cen- 

Serum. 

Time. 

Press. 

timetres 
urine 
■ right 
j kidney. 

timetres 

urine 

left 

kidney. 

Cl per 
cent, 
left 

kidney. 

Cl per 
cent. 

Hemoglobin 
per cent. 




VOL. XOIX. — 
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Uven K -f“ infusion duxing 76 minutes is unable to produce a definite 
rise in Cl percentage. On tlie contrary, tlie Cl, which, rose in the beginning, 
drops down to 0 *08 at the end ; KOI does not prevent the effect of the removal 
of the pituitary on chlorides output. Ca + K is more active, raising Cl from 
0‘08 to 0*40 per cent, in 35 minutes. ■ We conclude that KCl may have, 
as in the isolated kidney, a small effect on Cl output ; but it is far from being 
a dei&nite one, and is not to be compared with the Ca effect, as will be seen 
from the following experiment. 


Experiment 34. — ^Dog, 7 kgr. 


Time, 

Press. 

Urine 

right 

ki(^ey. 

Urine 

left 

kidney. 

Cl per 
cent, 
right 
ki(£iey. 

Serum. 

dper 

cent. 

Haemo- 
globin 
per cent. 

Total solids 
per cent. 

10*15 





0*66 

100 

1 

200 c.c. tap water 









jper os. 

11*05 








Pituitary removed. 

11*20 










11*45 

110 

0*9 


0-25 






12*05 

110 

1*4 

0*9 







12*35 

110 

2*0 

0*6 

0*79 






12*50 

120 

5*3 

1*4 





1 NaCI isotonic, 6 c.c. 

13*00 


4*3 

1*1 

0*63 




I per minute intra- 

13*10 

130 

5*6 

1*8 





venously. 

13*20 


5*8 

2*3 

0*28 











0*75 

82-0 

S-63 



13*30 

130 

4*2 

3*4 

0*13 






13*40 

130 

5*9 

5*6 




1 



13*50 

130 

8*1 

10*3 

0*03 






14*00 

130 

11*0 

14*0 





Jlul 1 

Usotonic. 

14*10 

130 

11-0 

13*2 

0*00 




[^JNaUl J 

I 

14*25 

130 

13*0 

16*0 

0*03 

0*76 

88*8 

6-41 

25*0 C.C. 01 eacn per 
minute. 

14*45 

130 

14*5 

17*5 

0*14 




1 


14*56 

80-1S0 

14*5 

19*5 




i 

1 CaOlal 

1 . J 

15*20 

110 

11*0 

14*4 

. 0-48 



1 

NaCl J 

Msotomc. 






0*80 

86*2 

6-29 

[2*5 c.c. of each per 

15*25 

80 

11*0 

7*6 

0*76 



J 

1 minute. 


See also Graph No. III. 


In the beginning the kidney seems still to possess part of its previous power 
of concentrating Cl, but it loses it gradually, and the chlorides drop down to 
0 • 13 per cent. Na -f- K do not change the situation, even after 85 minutes, 
whereas Ca -j" Na increase the d level up to 0’76 per cent, in 30 minutes, the 
chlorides of the serum being 0*80 per cent. 

A final question remaias to be answered. In all the experiments in which 
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Graph of results obtained in Experiment 34. (See Table.) Ktuitary removed. Ck)nstant 
infusion of isotonic chloride solutions, 5 o.c. per minute. 


Ca had such striking ejSects, K was given previously. Starling and Bichholtz 
have called attention to the fact that the action of Ca on the isolated 
kidney sets in much more quickly when working on a background of K, 
Therefore it was possible that the good result obtained in Experiment S4 with 
CaCl 2 was due in part to the previous administration of KCl. The follow- 
ing figures show that Starling and Eichholtz’s statement can be confirmed 
on the whole animal. 
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Experiment 35. — Dog, 8 Isgr. 




Cubic 

ceuti- 

Cubic 

centi- 

Cl 

Serum. 







Time. 

Arterial 

metres 

metres 

per cent. 





Pressure. 

urine 

mine 

right 

Cl 

Hsemo- 


TntflJ snlida 



right 

, left 

kidney. 

per cent. 

globin 


per cent. 



kidney. 

kidney. 


per cent. 


10*00 






100 

6-98 

200 c.c. tap water 
per 05. 

10- 50 

11- 05 

no 

1-2 


0 



■> 

Pituitary removed. 

11-45 

no 

0-6 

0-4 






12-05 

no 

2-1 

0-9 i 

0*02 




NaCl isotonic, 5 c.c. 

12-25 

no i 

3-2 

1-3 1 





>per minute intrave- 

12-45 

j 

no 

3-8 

2-1 i 




5-38 

nously. 

13-05 

115 

3-3 j 

4-5 

001 

0-70 

76-9 

J 


13-20 

120 

5-0 ! 

10-3 1 

0-02 




NaCl isotonic, 2-5 









c.c. 

13-40 

no 

5-0 

9-1 

0*01 


80-6 

5-16 1 

J 

1 CaClg isotonic, 2*5 

1 c.c. per minute. 

13-50 

no 

4*6 

11-2 

0-06 



1 

24-10 

115 

5*0 

11-9 

0-01 

0-77. 

71*4 

5‘01 J 

^ again Naul. 

41-25 

14-47 

no 

120-170 

8-3 

1 6-7 

i 

5-3 

4-1 

0-11 

0-77 


1 

4-46 J 

NaCl isotonic, KCl 
>• isotonic. 2 *5 c.c, of 
each per minute. 

15-02 

90-150 

2 9 

7-3 


O'- 80 



CaClg-f-KCl isotonic. 

15-12 

100-180 

5-8 

2-3 

0-63 

71-4 

4-77 

2-5 c.c. of each per 
minute. 



See also Graph No. IV. 
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These figures show that whereas in Experiment 34, 300 mgrs. Ga given in 
30 minutes raised the chloride percentage of the urine from 0*11 to 0*76, 
in Experiment 35 the same amount remained without result. All conditions 
were similar, except that in the first case K had been given previously in con- 
siderable amounts. On the other hand, when Ca alone was inactive, CaK, 
given afterwards, raised the chlorides from 0-11 to 0-53 per cent. The view 
that Oa is only efficient when worldng on a background of K is therefore plainly 
supported by the experiment on the whole animal. 

The last hypothesis put forward, “ Is the Mdney of the lung-heart-kidney 
preparation a nephritic organ giving abnormal reactions which are not repro- 
duced by the whole animal ? ” may therefore be answered in the negative. 

Summary and Conclusion, 

Attempts have been made to see whether and in what conditions Starling 
and Eichholtz^s results obtained on the lung-heart-kidney preparation with 
Ca + K could be confirmed on the whole animal. 

It was found that in the mtact anwsthetisei dog : — 

(1) KCl injected intravenously increases the urine flow to a much higher 
extent than injection of corresponding amounts of NaCl. This increase is 
not due to hydrsemia, nor to changes in blood pressure. 

(2) KCl or CaCla, either isolated or combined, have no constant nor specific 
efiect on chlorides output. The intact animal behaves towards them as it 
does towards NaCl, using its general power of concentrating chlorides. 

When the fituUary body is removed, and the kidney has consequently lost its 
power of concentrating chlorides (Verney), it reacts to CaK in the same way 
as was found by Starling and Eichholtz in the lung-heart-Mdney preparation, 
that is to say : — 

{a) Ca + K, or even K alone, increase the urine flow, whereas Ca alone does 
not, and IsTaCI has a much smaller efiect. 

{&) Ca + K, or, more definitely, Ca working on a background of K, increases 
the chlorides percentage up to the chloride level of the serum. 

Since the whole animal, after removal of the pituitary body, reacts to Ca + K 
in the same way as the isolated kidney of Starling and Yemey’s L.H«K. 
preparation, we conclude that by means of this preparation important reaction® 
of the kidney can be studied and elucidated under simplified but still normal 
conditions. , ^ 
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We are mncli indebted to Prof. Starling for bis belp and advice tbrougbout 
tbe experiments. 
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The Secretion of Inorganic Phosphate hy the Kidney. — 11. 
Influence of the Pituitary Gland and of the Wall of the 
Third VenUncle. 

By L. Brull and F. Eichholtz. 

(Communicated by E. H. Starling, F.B.S., Foulerton Professor of tbe Royal 
Society. — ^Received August 6, 1926.) 

(From tbe Physiology Department, University College.) 

In previous experiments on tbe diuretic properties of calcium and potassium 
ions (1), we tried tbe effect of removing various organs from tbe whole animal, 
in order to investigate wbetber they exert some influence on tbe secretory 
functions of tbe kidney. We were struck by tbe fact that after removal of the 
pituitary body, tbe kidney may lose in tbe following few hours its power of 
secreting inorganic phosphorus. Since in those experiments inorganic salts, 
which may have an influence on P secretion, were injected, we started a separate 
study of tbe action of tbe pituitary on phosphate excretion. 

Methods. 

Dogs only were used. They were anaesthetised with 0-01 gr. morphia and 
0*1 cbloralose per kilogram, small amounts of chloroform-ether being given 
to start with. Blood pressure was measured from the carotid ; blood samples 
taken from tbe femoral artery. All necessary infusions were made through 
the jugular vein. Urine was collected from both ureters and analysed 
separately, one kidney being denervated from the back (left side). 

The determination of inorganic P in urine and serum was performed according 
to Briggs^ modification of Bell-Doisy’s method (2). Chlorides were estimated 
by Millard Smith’s method (3). Bfemoglobin, total solids, chlorides and urea 
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determinations were performed several times during tiie experiments. The 
urea was estimated by the nrease method. 

The figures of 01 are given in Nad per cent., phosphates in mgr. P per 100 
c.c. In all tables and charts the indicated figures of urine flow and composition 
given at a certain time correspond with the urine collected up to that time. 

Experimental Results. 

The effects of removal of the pituitary body on the secretion of inorganic 
phosphates will be better understood if we quote here the experiment in which 
our attention was first drawn on the matter. 

A dog of 11 kgr. prepared as described above, received 400 c.c. tap water per os 
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as soon as it was ansesthetised. Tlie pituitary body was then exposed, after 
separation of the left temporal muscle from its insertion, cutting of the zygoma, 
removal of the bone over a large area in the temporal region, excision of the 
exposed dura mater and lifting of the brain. The gland was then seized by 
its pedicle and removed. The results are given in Graph I. 

It will be seen that after the urinary tract had been washed out by 2 or 
3 C.C., the secreted urine no longer contained inorganic P, so .that the kidney 
not only had lost its power of concentrating phosphorus, but there was no simple 
filtration of the inorganic P from the blood, or, if some passed the glonaeruli, it 
was reabsorbed lower down in the tubules. 

The possibility that a gland, which has the reputation of infl.uencing the 
growth of bones, might have such a striking effect on the elimination of the P 
induced us to repeat the experiment. Moreover another reason stimulated 
our r^earch, namely the possible explanation of the fact that the isolated 
kidney of Starling and Verney’s heart-lung-lddney preparation is unable to put 
out inorganic P, whereas in several other respects it behaves physiologically. 
More than 30 experiments were performed, and the pituitary body was removed 
in 28 cases. As in 16 cases of removal positive results were obtained, it may 
be worth while discussing the figures. 

Significance of the Experimental Conditions. 

A number of factors might possibly account for the extinction of the P 
secretion, namely : the narcosis, the previous administration of water per os^ 



Graph of Experiment 36. 
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the intravenous infusion of NaCI, the operation — ^in short, every one of the 
experimental conditions under which we worked. 

It would be too long to give here aU the details of the nuinerous controls 
which were performed. The main results are summarized in Graphs Nos, II, 
III and IV. 

It is evident from the figures in Graph II that neither the ansesthesia, nor the 
administration of water pe7' os, nor the intravenous infusion of large amounts 
of isotonic NaCl, diminishes the output of P, even in a long-lastiiig experiment. 
Moreover, the chlorabse or the chloroform-ether given in the beginning are 
not responsible for the observed phenomenon, since animals anaesthetized by 



Grapli of Experiment 16, 
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somniplieiie may exhibit- it as well. On the otber band, tbe abolition of the 
secretion does not occur from tbe moment tbe animal is under the ansesthetic, 
but occurs only after tbe removal of tbe pituitary. 

The results in Graph III show that tbe phosphates excretion may still be 
normal after an experiment lasting three hours, but is at once abolished by 
Extirpation of the pituitary. 

Influence of Operation and Shock. 

The removal of the pituitary is not an operation without import, as is shown 
by the low blood pressure (often 80-90 mms. of Hg) which followed it, especially 
in our earlier experiments when we were still unfamiliar with the techni<jue of 
the operation. 

Graph III shows that such a severe operation as evisceration may lower the. 
blood pressure to the same extent (70 mms.) without affecting the P secretion, 
but that this secretion is stopped at once by subsequent removal of the pituitary. 

In several of these experiments the effect of removal of the pituitary was 
negative, in spite of the fact that the way of approach to the gland was exactly 
the same as in aU the others, showing that the surgical interference could not 
account. in itself for the change in the kidney’s activity. We shall come back 
below to the discussion of those negative results. The operation may often 
be performed without affecting the blood pressure, but the effect is still 
the same. 

The fact that, even after varying or eliminating all the experimental conditions 
under which we have worked, the phenomenon we are interested in still appears, 
leads us to conclude that “ the operaiion terminated hy the removal of the pituitary 
body is responsible for the fall of the inorganic P percentage in the urines 

But that operation is in itself a significant interference in the normal state 
of the animal- The trephining, and especially the opening of the arachnoid 
spaces by removal of the dura mater and the consequent draining of the cerebro- 
spinal fluid, may produce changes whose importance is but little elucidated. 
On the other hand, the lifting of the brain and its eventual damage must be 
taken into account. 

Por several years past many authors, after Camus and Boussy (4), have 
drawn attention to the possibility of reproducing some of the so-called effects 
of removal of the pituitary body by mere injury to the base of the brain, and 
more particularly to the nervous structures of the tuber cinereum. 

It was therefore necessary to determine the influence of these factors by 
special experiment. 
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Influence of Trephining, Draining of the Cerdyro-spinal Fluid, and Lifting 

of the Brain. 

In order to ascertain to wliat extent tlie special conditions created by a 
large removal of tbe dura mater — ^namely, tbe draining of tbe cereblo-spinal 
fluid, tbe change of pressure at tbe surface of tbe brain, vdtb all tbeir eventual 
consequences — ^migbt account for tbe extinction of tbe P secretion, tbe pituitary 
gland was exposed for about two hours in six experiments before it was removed, 
or before puncture of tbe third ventricle was carried out. 

In no one of those controls was tbe P output decreased by the exposure. 
In four of them it was abobsbed subsequently by tbe extirpation of tbe gland, 
in one tbe removal bad no effect, and in tbe last one tbe P secretion disappeared 
after puncture of tbe tuber cinereum. Tbe results of one experiment are 
given in Graph IV. 

It will be noticed that tbe P output in this experiment is unchanged after 
two hours’ exposure, tbe percentage being increased from 65 to 120, when 
both suddenly drop down after tbe removal of tbe pituitary. Tbe lowering of 
blood pressure occurring in this experiment does not appear in other cases 
which gave similar results. 

In another experiment tbe cerebro-spinal fluid was drained by introduction 
of ‘a hollow needle into tbe fourth ventricle. Alter a sudden outflow tbe fluid 
went on dropping regularly during two hours, giving altogether 16 c.c. Tbe 
P output, which was maintained at tbe figures of 0-30 — ^0*25 (mgr. P in 10 
minutes per kidney) during tbe draining, immediately fell to 0 -03— *0 -Ol— 0 -00 
after puncture of tbe tuber cinereum. Furthermore, as has been already 
pointed out, we obtained eight negative results of pituitary removal, altboi^b 
in all those experiments tbe animals were observed during three and more 
hours after tbe extirpation. 

If these experiments are not sufficient to exclude tbe possibility of a hormone, 
influencing the kidney activity, being secreted into tbe circulation via tbe 
cerebro-spinal fluid, they seem to afford sufficient evidence that tbe draining 
off of tbe fluid is not tbe cause of the sudden extinction of P secretion, wMcb 
may be produced by removal of tbe pituitary. 

Harm done to tbe brain by lifting can scarcely be invoked, since in our 
control experiments tbe temporal lobe was kept elevated from the b^inning 
by a plug of cotton-wool without any influence on P secretion. Tke trephining 
was always large enough to allow lifting of tbe brain without oompresting it 
against tbe skull. Tbe post mortem did show in several some blood eflMon 

in sections of tbe brain, but they became more and more our 
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technique improved. On the other hand, in one experiment we intentionally 
injured the temporal lobe by pushing the cautery into its cortex in six different 



places in the r^on where the lesions produced by the operation were generally 
found. This manipulation had no effect on P output. 

We have deemed it advisable to deal at some length with these experimental 
data in view of the fact that the phenomenon we were investigating had not 
previously been observed, and we were anxzous to assure ourselves that it 
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was not due to accidents of manipulation, apart from the injuiy purposely 
inflicted on the pituitary body. 

Is the Fall of the Phosphate Output due to the Extirpation of the Pituitary Body ? 

After wide removal of the skull in the temporal region and lifting of the 
brain, the gland is very easily exposed. As it is difficult to stop bleeding in 
that region without causing local compression and damage to the brain, we 
avoided the use of any sharp instrument, and seized the gland and cut the 
pedicle by means of a long forceps. In some cases it was easy to remove the 
whole gland with the forceps. Since, however, the gland is slightly adherent 
to the sella turcica, it often comes apart or drops from the forceps, and the 
removal may be carried out only piecemeal. It was necessary, therefore, to 
control the extent of removal by subsequent microscopic examination of the 
base of the brain and of the dura mater in the sella turcnca. 

As already stated, in eight cases out of 24 the extirpation was not followed 
by the abolition of P secretion. Since we were unable to supply any explana- 
tion for those negative cases, we hoped that the histolo^caJ control might 
give the solution of the problem. 

In nine experiments complete series of histological sHdes of the base of the 
brain at the level of the stalk of the pituitary were made. The dura mater 
in the seUa turcica was removed and sectioned. The removed gland was also 
cut to ascertain whether it included all the parts of the pituitary. 

In eight cases practically nothing of the anterior lobe was found to be left. 
Small remains of the anterior lobe were generally found in the remainder of the 
pedicle, and sometimes in the sella turcica. But as a rule they did not corre- 
spond to more than about 5 per cent, of the total gland, and generally to less. 
In one case only was a more considerable part of the anterior lobe found in 
the sella (experiment 42). It should be noted that in that experiment the 
P excretion dropped. Eemains of the posterior lobe so far as they could be 
recognised were never found. 

On the whole the pituitary body was practically removed. The small frag- 
ments were very likely deprived of their normal blood supply, being surrounded 
and isolated by extravasated blood. Were it not for the ^3 per cent, of experi- 
ments which were negative, it might provisionally be admitted that the observed 
change in the kidney secretion was the consequence of the removal. But evm 
without considering the possible interference with the third ventride, the 
negative cases had to be explained, and the histological control was far from 
clearing up the situation. There was no difference in the anatomical condi- 
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tions found after removal between tbe positive and negative oases. The less 
complete removal corresponded to one of tbe best positive experiments. As a 
consequence we were induced to direct our investigations elsewhere. 

Influence of the Puncture of the Tuber Cinereum, 

Tbe first part of tbe operation was tbe same. After exposure of tbe base 
of tbe brain and sufficient delay to ascertain wbetber tbe P secretion remained 
more or less constant, a cautery of a diameter of J mm. was pusbed into tbe 
tuber cinereum, as nearly as possible at tbe level of tbe infundibulum. This 
operation was performed without touching tbe pituitary. 
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Anatomical control shows that the lesions varied from a narrow puncture 
surrounded by slight haemorrhage and passing through the recessus infundibuli 
to a larger destruction of about 5 mm. diameter, damaging both the infundi- 
bulum and the tuber cinereum. A detailed study in order to ascertain which 
groups of nervous cells were destroyed was not performed. In three out of 
four experiments we found that a lesion of the tuber cinereum, without any 
apparent harm to the fituitary boXy, abolished, the inorganic P secretion by the 
kidney. 

The figures in Graph V show that whereas the previous P output was 
constant in the denervated kidney and increasing in the innervated one after 
100 minutes’ exposure, the puncture of the third ventricle suddenly brought 
this output down to a very low level without affecting the urinary flow. 

Are we t© conclude that, if a mere puncture of the tuber is sufficient to abolish 
P secretion, when we get the same result by extirpation of the pituitary, it is 
due to the fact that we cause injury or excitation of the base of the brain ? 

Or shall we admit that by puncturing the tuber we disturb the functions of 
the pituitary gland, for instance, by stoppiug the way of excretion of its pro- 
ducts ? We have no sufficient data to solve this problem. Nevertheless 
some more light may be thrown on the question by studying what happens 
when the pituitary is removed after pxmcture. 

The Dissociation of the Effects on P Output on the one hand and on Cl Percentage 
and Water Output on the other. 

Verney has found (oral communication of yet unpublished experiments) 
that in an anaesthetised dog extirpation of the pituitary body decreases the 
Cl percentage in the urine, and may produce polyuria within the next hour. 
These statements we have often confirmed, but we found that in many cases 
there was no parallelism between the behaviour of the phosphates and of the 
chloride. In some cases the extirpation lowered the Cl and: P together. 

In Experiment 43 the Cl percentage is raised by infusion of NaCl, but 
suddenly lowered by removal of the pituitary. The P output follows the 
Cl percentage in its fall. But in other cases the removal of the pituitaiy 
had no effect on chloride or water secretion, whereas it put an end to the P 
secretion. . . 

Graph VII shows a steep fall of P percentage together with a„ large increase 
of Cl percentage due to NaCl infusion, and no important chaige in urine 
flow. The explanation of such a case might be that the small reanainder 
of the gland which is left is sufficient to account for the 01 conceufararion, 
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tlie P elimination being presided over by some other mechanism. Camus, 
Roussy and others would deny that the pituitary has anything to do with 
polyuria. The most complete dissociation is shown in cases, such as that 
shown in Graph VIII, in which the puncture of the ventricle reduces the 
phosphates output to nothing, while the Cl is increasing owing to NaCl 



infusion. The Cl percentage is lowered to zero afterwards by removal of 
the pituitary. 

We conclude, from Graph VIII, that the excretion of phosphate can be 
afiected and abolished quite apart from any changes Caused at the same time 
in the amount of urine or the concentration of chloride therein. It would. 
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itowever, be premature to conclude that we have to deal with two independent 
mechanisms. 

In all cases in which the two phenomena were dissociated, the phosphate 
secretion was afiected first. On the other hand, as will be shown later, the 



Pituitary removed 


Graph of Experiment 34. 

injection of pituitrin, which restores a high Cl percentage, has generally no 
efiEect on P output. In two cases, however, it did improve the P output, 
and these were cases in which larger amount of pituitrin could be injected 
without causing an important drop in the total amount of uiiue secreted. 

It seems, therefore, possible that if both Cl and P secretion dep^d u 
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liorraoiial effect of tbe pituitary or of tlie tuber cinereum, tbe pbospbates 
disappear sooner because tbey require a iigber concentration of bormone tban 



the chlorides. The injection of pituitary extract would bring back the chlorides 
first for the same reason. 

Negative results of puncture of the tuber cinereum are not very significant, 
so long as we are unable to localise the centre or glandular formation which 
influences the phosphate secretion. 

Mechanism hy which the Pituitary or the Wall of the Third, Ventricle may Influence 
the Secretion of Inorganic Phosphate. 

In the first place the control of the phosphate secretion might be a nervous 
mechanism. It could not be by direct nervous influence on the secretory 
cells of the kidney, since denervation of the kidney did not affect sensibly the 
results of the operative interference, which were manifest both in the normal 
and the denervated organ (Graph V). We cannot, however, exclude the 
possibility of an indirect nervous effect. The direct result of the operation 
might be on some unknown organ, which, in its turn, by some chemical means, 




Secretion of Inorganic Phosphate by the Kidney. 83 

might influence the kidney functions. On the other hand, the effect of our 
operation may be to upset some hormonal mechanism. 

The only direct method of detecting the secretion of a hormone is to get 
evidence of its presence in the venous blood coming from the organ which may 
produce it. An indirect method is to test whether extracts of the organ may 
reproduce its physiological effects when injected. We did not prepare extracts 
of the wall of the third ventricle, but we tested the effect of extracts of the 
pituitary body. 

The following table (Experiment 22) shows the effect of injection of anterior 
lobe extract and afterwards of pituitrin. The anterior lobe injected corre- 
sponded to the extract of 25 ctgr. dry anterior lobe (Armour) prepared by the 
same manner as pituitary extracts are prepared, but without precipitation 
of the proteins. The pituitrin injected was 1 ctgr. posterior lobe extract 
(B.D.H.). 

Table I. — Experiment 22. Dog. 9 kgr. 


Time. 

Blood 

Pressure. 

Urine cubic 
centimetre/10 
minutes, 
left kidney. 

Inorg. P 
per cent. 

Inorg. P mgr./ 10 min. 

10.50 


starts 

_ 


11.17 



2-7 

— 

— 

11.S0 

— 

— 

— 

Pituitary exposed. 

11.40 

120 

1-0 

293 

2*93 

11.55 

105 

1-4 

— 

— 

12.00 

— 

— 

5-0 

Serum I. 

12.30 

— 

— 

— 

Pituitary removed.. 

12.40 

100 

0-65 

277 

1-79 

13.20 

105 

0-50 

— 

— 

13.50 ! 

100 

0-70 

293 

2*05 

14.45 i 

100 

0*60 

— 

— 

15.20 

120 

1-3 

143 

1*63 Anterior lobe ex- 
tract. 

15.45 



1-3 

— 



15.55 

— 

— 

5*2 

Serum II. 

16.00 

130 

1-4 

57 

0-86 

16,50 


0*7 

71 

0*50 

1 centigram 
pituitrin. 

17.08 

135 

1-1 

— 

— 

17.18 


2-0 

131 

5-8 

2*62 

Serum III. 


In this experiment the phosphate secretion is not abolished after removal 
of the pituitary, but at the end of the experiment it is rapidly decreasing. The 
anterior lobe extract does not stop the decrease, but the pituitrin brin^ the 
phosphate output back to its previous level. 

G 2 
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The effect of pituitxin looks very striking in this experiment. We were 
able to reproduce it in a similar case, but in both cases the phosphate secretion 
was not totally stopped previously. In many other experiments in which the 
phosphate excretion was totally or nearly abolished pituitrin had no effect, 
whereas it brought about a considerable increase of Cl concentration {see above, 
Graph VI, Experiment 43). The chlorides, which dropped to nothing after 
removal of the pituitary, rose after 20 minutes to 0*18 per cent., while the 
P remained on its low level. In one case, however, in which the P secretion 
was abolished by puncture of the tuber cinereum, and the Cl by removal of 
the pituitary, 6 mgr. pituitrin brought the Cl percentage back to its previous 
level, increasing the P percentage from 0 to 5 mgr. (Table II.) 


Table II. — ^Experiment 48. 


Time. 

Blood 

Pressure. 

Urine, cubic 
centimetres/10 
minutes. 
Benerv. 
kidney. 

Cl 

per cent. 

Inorg. P 
per cent. 

Inorg. P 
mgr. 10 
min. 

13.15 

no 

0-50 

0-06 

60 

! 0-30 Serum I. 

13.45 

— 

0-75 

0-05 

33 

0*26 Serum II., 

14.10 

105 




Puncture of 
tuber cine- 
reum. 

14.35 

110 

0-50 

0-35 

5 

0-03 

Serum III. 

15.05 

110 

0-60 

0-72 

3 

0-018 

15.35 

no 

0-60 

0-97 

— 

— 

15.40 

— 

— 

— 

— 

Pituitary 

removed. 

16.00 

— 

0-80 

— 

— 

— 

16.20 

— 

4-60 

0-12 

0 

0 Serum IV. 

16.30 

— 

11-30 

0-08 

0 

0\1 ctgr. 

16.40 

— 

3-60 

0-15 

5 

0-04/ pituitrin. 

16.50 

— 

3-00 

1-01 

5 

0-18 Serum V. 

17.00 


5-20 

0-96 

5 

0-25 


The figures of phosphates in the serum were : 5*5 — 3*5 — 3*76 — 4*26 
5 • 50. The concentration of 5 mgr. P obtained in the urine after the injection of 
pituitrin does not even reach the serum level, but owing to a large urine flow 
the total P output was increased to about the same amount as before the 
puncture of the third ventricle. The chlorides came back to the same con- 
centration as before the removal of the pituitary. 

It appeaors, then, that pituitrin may produce an increase of phosphate 
output, but this increase is not constant. In our experiments the P con- 
centration of the urine never reached its previous level, by injection of pituitrin. 
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provided that the secretion was really abolished previously, whereas that of 
Cl often did. 

The vasomotor property of pituitrin, which, in apparently the same con- 
ditions, was very variable from one case to another, often prevents the use 
of sufficient amounts of that substance. When too large amounts (say, 
5-10 mgr. in a dog of 10 kgr.) of this extract are injected, the urine flow is 
lowered to such an extent that it is difficult to draw conclusions from the 
results. 

These few positive results are insufficient to decide whether pituitrin may 
really make good the deficiency created in the kidney as regards phosphate 
secretion. Neither is the fact that chloride may reappear without phosphate 
a proof against a possible effect of pituitrin on P secretion. As was pointed 
out above, it might be a mere question of quantity, the secretion of chlorides 
requiring less pituitrin than that of the phosphates. 

Changes in the Serum after Removal of the Pituitary or Puncture of the 

Tuber Oinermm. 

In all experiments several determinations of inorganic P in the serum were 
carried out. The following figures show that the abolition of phosphate secre- 
tion is not due to a change of the inorganic phosphate level in the serum. 


Table III. — ^Experiment 35. 


1 

Time. 

Serum. 

Urine innervated 
kidney. 

Inorg. P. 

Hsemo- 

globin, 

! per cent. 

i 

Total 
solids, 
per cent. 

Flow 
cubic j 
centi- 
! metres 
/lO min. 

Inorg. P 
per 
cent. 

Inorg. P 
mgr. 
lO/min. 

10.15 

11.05 

13.25 

14.40 

15,22 



5- 63 

6- 41 
6-29 

0-9 

5-8 

130 

11-0 

1 

295 

2-25 

0 

0 

2*70 

Constant infu- 
^ IQ 1 sion of 5 c.c. 
f isotonic NaCl 
Q per minute. 


In a few experiments larger variations of inorganic phosphate in the serum 
appeared, but these changes were not of a constant type, increase occurring 
as well as decreases, so that they could hardly be taken into account. 

As it is suggested by Eichholtz, Robison and Brull (5) that the secretion of 
inorganic phosphate may depend, at least in part, on the oiganic phosphates of 
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the serum, these phosphates were estimated iu two experiments together with 
the inorganic. 


Table IV. — ^Experiment 40. 


Time 

Serum. 

Urine innervated 
kidney. 

Icorg. P 
per 
cent. 

Org. P j 
per 
cent. 

Haemo- 

globin, 

per 

cent. 

Total 

solids, 

per 

cent. 

1 

Plow 
cubic 
centi- 
metres 
/lO min. 

Inorg. P 
per 
cent. 

Inorg. P 
mgr. 

10 min. 

Urea 

mgr. 

/lOO 

c.c. 

10.40 

6*66 

0*24 

100 

7-79 

0-70 

1 72*5 

0*50 

___ ■> 

1 Constant in- 

ia.30 

6*40 

0-2(3 

81 

6*32 

1 4*60 

t 19*1 

0*87 

215*6 

fusion of 6 

14.00 

Pituitary removed. 






^ c.c. isotonic 

15.45 

5*66 

0*23 

1 82 

5*60 

2*20 

2*8 

0*07 

— 1 

1 NaOl per 

16.40 

6*13 

0*27 

t 80 

t — 

3*30 

2*6 

0*08 

444-0^ 

1 minute. 


The figures of organic P axe quite constant even after dilution of the blood 
by large isotonic NaCd infusion, suggesting the existence of a constant equili- 
brium between the phosphates of corpuscles and serum. 

It is clear that the inability of the kidney to secrete phosphate in the second 
part of those two experiments does not depend on a change in the available 
percentage of either inorganic or organic P in the plasma. 

Chmges in the Secretory Powers of the Kidney, 

It was shown above that after the kidney has lost its faculty of secreting 
phosphate, it may still be able to concentrate chloride, when this is provided by 
injection (Graph VII, experiment 34 \ Graph VIII, experiment 44 ; and Table I, 
experiment 22). The function of urea secretion seems also to be retained, as is 
seen from Table IV, experiment 40, It appears therefore that the kidney is 
not deficient in its other secretory functions after the P secretion is abolished. 

Is it un(Me to secrete phosphates after removal of the pituitary or puncture 
of the third ventricle ? It is shown by Eichholtz, Robison and Brull (loo, cit.) 
that when organic phosphates are injected intravenously, after experimental 
abolition of inorganic phosphate secretion, by removal of the pituitary or 
injury of the tuber cinereum, those phosphates are put out in the urine in a 
concentrated form, and may be hydrolysed to a high extent by a phos- 
phatase contained in the kidney cell, inorganic phosphate being secreted. 

We have also tried the effect of injection of sodium phosphate after elimina- 
tion of the normal P secretion. (Table V.) 
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Table V. — ^Experiment 44. Dog, 9 • 5 Kgr. 




Urine, innervated kidney 



Time. 

Blood 

Pressure. 

Flow 
cubic 
centi- 
metre 
/lO min. 

Cl 

per 

cent. 

Inorg. P 
per 
cent. 

Inorg. P 
mgr. 

10 min. 

Serum/ 
Inorg. P 


11.20 

11.40 

13.35 

14.40 
15.05 
15.15 

15.30 
15.50 
16.10 
16.20 

16.30 
17.00 
17.10 

12.35 

00 

90 

90 

110 

100 

100 

100 

95 

100 

1- 3 
1-6 

2- 3 

5- 2 

6- 2 
6*5 
6-6 
7*1 
8*5 
9*3 
8-1 
9*5 

0*05 

0-39 

0-15 

0-00 

0 

0 

10*5 

0 

0 

0 

2^5 

0 

2-7 

5-2 

22*5 

20-0 

0*13 

0 

0 

0 

0*18 

0 

0-19 

0- 44 

1*80 

1- 90 

3*2 
• 2*8 

4*3 ! 

5-0 

10*2 

4*2 

Constant infusion 5 c.c. isol. 

NaCl per min. 

Puncture of the tuber 
cinereum. 

Pituitary removed. 

30 mgr. P (sodium phos- 
phate). 

^ 100 mgr. P {idem). 

^ 150 mgr. P {idem). 


These figures show that it is possible to obtain a secretion of inorganic phos- 
phate when sodium phosphate is injected, the urine containing a percentage of 
22 *5 when the serum level is 10 -2, the P output being 1 • 80 mgr. in 10 minutes, 
which is about the same as is often registered in an intact anaesthetized animal. 

" But the experiment shows, too, that the injection of small amounts of P (160 
mgr. in a dog of 9'5 kgr.), raising the serum from 2-8 to 5*0, which is quite a 
normal percentage, is unable to produce a higher P concentration in the urine 
than in the serum. It is necessary to reach the abnormal level of 10-2 mgr. 
in the serum to get a real secretion. 

In another experiment (No. 43) where the serum inorganic phosphate was 
much higher (7-5 mgr.) after removal of the pituitary, the urine containing 
only 4-2 mgr. P per cent., an injection of 100 mgr. P in form of sodium phos- 
phate raised the serum level up to 9-1 and the concentration in the urine to 
15 mgr. 

It would seem, then, that after removal of the pituitary or injury of the 
tuber cinereum the kidney does not lose its ability to secrete inoiganic phos- 
phate, as it may put out phosphate in a concentrated form either after adminis- 
tration of organic or inorganic phosphates, but that, in order to obtain a 
secretion, abnormally high levels of organic or inoiganic phosphates are 
necessary in the serum. 
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If the normal P secretion is really derived from the inorganic phosphate 
of the plasma, the only hypothesis which seems to be available to explain the 
abolition of P secretion is that there is a threshold for P secretion, which is 
radsed by removal of the pituitary or injury to the tuber cinereum. This 
threshold, which normally seems to be about 5 mgr. or less, would be raised to 
about 10 mgr. If, on the other hand, we assume that the inorganic phos- 
phate secretion is derived from the organic phosphates of the plasma by 
means of hydrolysis by the kidney phosphatase, it seems possible that the 
pituitary or the wall of the third ventricle may regulate the activity of 
that enzyme by means of a hormone. 

SuThmary and Conclusions. 

(1) Removal of the pituitary body or injury to the tuber cinereum may 
abolish in the following few hours the normal secretion of inorganic phosphates 
by the kidney. 

ITo one of the experimental conditions can account for this phenomenon. 

(2) The change occurring in the kidney secretion is not due to a direct nervous 
influence, since it appears also in a denervated kidney. 

j[3) Extract of the anterior lobe of the pituitary body is unable to bring back 
the phosphate secretion. Pituitrin has inconstant and doubtful effects. 

(4) The abolition of phosphate secretion may be dissociated from the experi- 
mental polyuria and the lowering of chlorides percentage in the urine. 

(5) 'Eo change was found in the organic and inorganic phosphate content 
of the serum sufficient to account for the disappearance of the inorganic 
phosphate from the urine. 

(6) After abolition of the normal phosphate secretion by removal of the 
pituitary or injury to the tuber cinereum — 

(a) the kidney maintains its ability to concentrate urea, and may still be 

able to concentrate chloride ; 

(b) it secretes inorganic phosphate when the level of this salt is sufficiently 

raised in the serum by injection of sodium phosphate, suggesting that 
there may be a threshold for P secretion, which is raised by the removal 
of the pituitary or the puncture of the third ventricle ; 

(c) it concentrates and hydrolyses injected organic phosphates, putting out 

inorganic phosphate in a concentrated form, showing that the kidney 
enzyme described by Eichholtz, Robison, and Brull is still working, 
and suggesting that normally a hormone formed in the pituitary or the 
wall of the third ventricle may regulate the activity of that phosphatase. 
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(7) It is suggested that the inability of the isolated kidney, perfused by a 
heart-lung-kidney preparation, to secrete inorganic phosphate is due to the 
absence of the regulating mechanism of the pituitary or of the wall of the 
third ventricle. 

Appendix. 

Influence of Intravenous Injections of Inorganic Saks. 

Intravenous infusions of NaCl or KCl, and even of very small amounts of 
CaCl 2 , generally increase the phosphate output. This increase is accompanied 
with a larger urine flow, although it do^ not go up in the same proportion. 

Graph IX, Experiment 36, shows that, whereas a constant infusion of isotonic 
NaCl raises the unne flow from 0*6 to 6-6, the P output is doubled. Further, 
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KCl injection produces a copious urine flow, witli continued increase of P 
output, but in a smaller proportion tban the urine output, 

Ca given afterwards soon decreases tbe. urine flow, but when this flow is 
still twice as high as the initial one the P output is only one-third of the amount 
secreted in the beginning. 

When Ca is given, together with KCl or separately, it may increase the P 
output as long as only small amounts are given, but when a certain limit is 
passed the P secretion falls, and may even be totally abolished. This is shown 
by the following figures (Table VI) : — 


Table VI. — Experiment 26. 


Time. 

Blood 

Pressure. 

Urine, 

Plow 
cubic 
centi- 
' metres 

10 min. 

denervated ! 

Inorg. P 
per 
cent. 

kidney. 

Inorg. P 
mgr. 

10 min. 

— 

11.20 

120 






ll.SO 


3-2 

150 

3-37 

1 

1 

11.46 

115 

2-0 

160 

3-20 

1 

1 

12.10 

115 

4-0 

125 

5-00 

1 

[ 5 c.o. isotonic NaCl per minute. 

12.30 

110 

6-5 

80 

5-20 


1 

12.45 

116 

11-3 

55 

6-20 

i 

1 

13.00 

122 

12-3 

55 

6-70 


[5 c.c. isot. CaCl 2 +KCl per minute 

13.15 i 

115 

19-0 

45 

8-55 

I 

1 (1-5 mgr. Ca, 3 mgr. K per c.c.). 

13.30 

70 

15*4 

2 

3-08 


1 

13.45 










14.05 


1*5 

0 

0 



14.20 

110 

3-3 

0 

0 



14.35 

— 

6-0 

0 

0 



14.50 

120 

7-7 

0 

0 




The decrease of P output is not due to a fall of the level of inorganic phosphate 
in the serum. On the contrary, the injection pf Ca is generally followed by 
an increase of serum P. This is shown by the figures of Experiment 36 
(Graph IX), where the fall of urinary P was accompanied by an increase in 
the serum from 6*7 to 8 * 1 . 

Summary. 

(1) Infusions of XaCl or KCl solutions increase the output of inorganic 
phosphate together with the urine flow, but in a smaller proportion. 

(2) Small amounts of CaClg may increase the P output ; large amounts 
diminish or even abolish inorganic phosphate secretion. This decrease of 
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piLOsphate in. tte urine is generally accompanied by an increase of the phosphate 
level of the serum. 

We express our indebtedness and thanks to Prof. E. H. Starhng for his 
continuous advice and his suggestions during the performance of this work. 
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Hydrolysis of Phosphoric Esters by the Kidney in Vivo. 

By F. Eiohholtz (Rockefeller Travelling Fellow), Robert Robison and 

L. Brull. 

(Communicated by E. H. Starling, F.R.S., Foulerton Professor of the Royal Society. 

— ^Received August 6, 1925.) 

(From the Physiological Institute, University College, London, and the Biochemical 
Department, Lister Institute, London.) 

Robison (1923) found that aqueous extracts of macerated kidney contain 
an enzyme which hydrolyses phosphoric esters, such as hexosephosphate and 
glycerophosphate. This enzyme is also present in bones and teeth, and occurs 
in cartilage as soon as ossification starts. It is also present in the intestinal 
mucosa, but other tissues contain it in traces only. It is characterised by 
a high optimum (8-4-9-4). At 9*3 its activiiy is five times as great 
as at (Robison and Soames, 1924). It was suggested by Robison 

that this enzyme plays an important role in the calcification of bone, and the 
suggestion has been supported by a considerable amount of evidence (3, 4, 5). 
Nothing, however, was known of the function of the enzyme in the kidney. 
It was thought possible that it might be required for the eventual hydrolysis 
and excretion of those phosphoric esters, which are present in considerable 
amount in the red corpuscles and in small amount in the plasma. 

Eichholtz and Starling (1925) have recently shown that the isolated kidney 
when perfused by means of a heart-lung preparation, not excrete inorganic 
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phospliatss, Tliis disability tbey attribnts to tb© fact tbat tb© inorganic 
pbospbates of tbe s©rum ar© pr©s©nt in a stat© to wbicb tbe glom©rular m©]xibrane 
is inip©rni©able. Tb©y suggest, tberefore, tbat tbe normal urinary pbospbates 
are secreted by tbe tubule cells. Moreover, under tbe conditions of tbe 
experiment, tbe pbospbate excretion would seem to be more readily extinguisbed 
than tbe excretion of either urea or sulphate. 

Brull and Eicbboltz (7), from experiments on tbe whole animal, have come 
to tbe conclusion tbat tbe excretion of pbospbate is readily affected or even 
abolished by extirpation of tbe pituitary gland or injury of tbe tuber cinereum. 
These experiments have shown, moreover, tbat tbe extinction of pbospbate 
excretion is not brought about by any abnormal variation of tbe concentration 
of inorganic pbospbates in tbe serum. 

Tbe present investigation of tbe fate of phosphoric esters when introduced 
into tbe circulation was undertaken in tbe hope of gaining some insight into 
tbe significance of tbe presence of this enzyme in tbe kidney. For this purpose 
Starling’s heart-lung-kidney preparation was employed, tbe technique of which 
has been described in previous papers by Starling and Verney, Eicbboltz and 
Starling (6, 8). 

Since tbe precise nature of tbe phosphoric esters in tbe blood is not yet known, 
sodium glycerophosphate was used. This ester and bexosemonophospbate 
are bydrolj^ed at about the same rate by kidney extracts. The ester was 
added to tbe defibrinated blood in tbe form of a M/8 solution. Inorganic and 
organic acid-soluble pbospbates in urine and serum were estimated by tbe 
Briggs’ method, using tbe precautions noted by Martland and Robison (1924). 

Tbe first series of our experiments showed that the isolated kidney, when 
perfused with blood containing added glycerophosphate, hydrolysed the phosphoric 
ester to a very notable extent, so that tbe urine secreted by tbe kidney contained 
not only organic but also inorganic phosphates in contsiderable quantity. 
Tbe amount of hydrolysis, however, varied considerably, and in some of tbe 
later experiments scarcely any hydrolysis occurred. 

Details of two experiments exemplifying these different results are given 
in Table I below. 

Tbe results show a 6-8 fold concentration of glycerophosphate in tbe urine 
as compared with tbe serum values, and a large increase of inorganic pbospbate, 
apparently indicating tbat about 10 per cent, of tbe ester has been hydrolysed 
during its passage through tbe kidney. Tbe figures further suggest tbat tbe 
concentration of inorganic pbospbate was rapidly increasing, and that later 
samples might have shown evidence of a much higher degree of hydrolysis. 



^Table I. — Experiment II. Heart-lung-kidney preparation — ^normal kidney connected at 0' togetker wltli nepkritic 
kidney at 10' (subcutaneous injection of l-O gm. per kilog. of tartaric acid, racemic form, two days previously). 
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Table II.— Experiment YII. Heaxt-lnng-kidney preparation— Kidney con- 
nected at O'. 2-0 gm. urea + 1 c.c. adrenaline 1 : 100,000 added to 

circulating blood. Weight of kidney, 38-0 gm. At 67' sodium glycero- 
phosphate equivalent to 200 mgr. P added to blood. The concentrations 
of organic and inorganic phosphates axe given in milligrammes P per 
100 c.c. 



i Temp, 
of blood 
at 

kidney, 
0® 0. 

Blood 


Renal 

blood 

Serum. 


Urine. 


Mean time, 
minutes. 

pressure i 
at 

kidney 

(mm. 

Hg.). 

!Pk of 
arterial 
blood. 

flow, 

cubic 

centi- 

metre/ 

min. 

Org. 

P. 

Inorg. 

1 

Flow, 
cubic 
centi- 
metres, 
5 min. 

Pro- 

tein. 

1 

Org. 

P. 

Jnorg. 

P. 

! 

Brea| 

tbedair. | 

tJrine 

starts. 

i 






5 



1 

— 

— 

— 

— 

— 

., — 

— 

— 

54 

35-5 

109 

— 

143 

0 

2-6 

— 

— 

— 

— 

59 

35-5 

109 1 



143 

— 

— 

2-5 

— 

0 


64 

35-5 

109 

— 

143 


— 

2*4 

— 

0 

0-9 

67 

— 

— 

' — 

— 


— 

— 

— 

— 

— 

79 

35-5 

109 



177 




2-8 

I 

199 

M 

84 

35*8 

Breat 

109 

bed 8-4 

7-66 

per cent.i 

177 

OOa. 

19-7 

3-6 1 

3-2 

— , 

190 

1-8 

94 ' 

35-0 

108 

7-32 

188 

16*6 

5-3 

2-9 

— 

147 

2-8 

99 

35-0 

109 

— 

188 

i 

i 

3-0 


172 

1-3 


The results show a 10-fold concentration of glycerophosphate in the urine 
but no appreciable hydrolysis. 

In another experiment in which a similar result was obtained, an extract 
prepared from the perfused kidney was found to possess very little hydrolytic 
power towards sodium glycerophosphate. It seemed, therefore, to be possible 
that a negative hydrolysis might be explained by a deficiency of enzyme in 
the perfused kidney or by its inactivation as a result of the perfusion. Other 
controls showed, however, that this was not the case, and that a perfused 
kidney which does not hydrolyse organic phosphates, may contain at the end 
of the experiment a normal amount of enzyme. Since the kidneys, which were 
unable to split up the added organic phosphates, showed other signs of secretory 
deficiency, notably a very poor urine output as compared to the average, it is 
probable that the negative results were due to occasional deficiency of the 
perfusion method. 

The following facts have emerged from our experiments, examples of which 
have just been set out. The addition of sodium glycerophosphate in M/8 
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solution, equivalent to 100-200 mgr. P to 600-1000 c.c. of circulating blood, 
bad practically no effect on either blood or urine flow. 

The concentration of organic acid-soluble phosphate in the serum, which 
was at first raised from values between 0*5-1 *8 mgr. to 15-25 mgr. P per 
100 c.c., gradually fell as the experiment proceeded, the ester being partly 
replaced by inorganic phosphate, which increased from 2 *5-3 *5 mgr. to 
6 *1-8 *5 mgr. P per lOO c.c. (in one experiment this value rose to 12*5 mgr. 
in 2 hours).* 

After the addition of glycerophosphate, there was always a high concentra- 
tion of organic phosphates in the urine compared with that in the serum. 
Thus, in six experiments the values of this ratio were 3*4, 12*5, 11*5, 7*2, 
16*2, 9*8. 

The concentration of organic phosphates in the urine gradually diminished 
as the experiment proceeded. In some experiments there was a sudden fall 
in the excretion which could not be explained by any equivalent decrease in 
the concentration of phosphoric ester in the serum. 

It was known from previous , experiments, and has been confirmed in the 
present series, that during perfusion of the isolated kidney there is a gradual 
faUing-off in the excretion of urea, and this has been explained as due to* the 
increasing failure of the secretory powers of the kidney. It is suggested that 
the falling-off in the excretion of glycerophosphate is also due in part to this 
failure of secretory power, as well as to the disappearance of the ester from 
the serum. 

In the majority of cases part of the glycerophosphate was hydrolysed during 
its excretion by the kidney. After the addition of glycerophosphate to the blood 
the excretion of inorganic phosphates did not at once rise to a maximum but 
increased gradually throughout the experiment. The concentration of inorganic 
phosphates in the urine might thus rise to 10-20 times the concentration in the 
serum, and in some cases amounted to more than 90 per cent., of that of the total 
urinary phosphates. 

Eichholtz and Starling (6) have shown that in the heart-lung-kidney prepara- 
tion the inorganic phosphates of the serum do not pass the glomerulus. In 
their experiments, when additional inoiganic phosphates were introduced into 

* The low figures for the initial concentration of inorganic phosphate in the blood 
suggest that synthesis of phosphoric esters had taken place during defibrination owing 
to the increased alkalinity (Martland, Hansmann and Robison, 10, Maitland, 11). 
Whether the rise occurring after addition of glycerophosphate was m any part due to the 
kidney cannot be decided, as the venous and arterial blood were not separately examined. 
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the circulating blood these might appear in the urine for a short time, 
but the concentration in the urine never exceeded that in the serum, when 
the figures for the latter had been duly corrected for the volume of the serum 
protein. 

This statement was not entirely confirmed in the present series of experi- 
ments. In two cases the injection of 50 mgr. P in form of sodium phosphate 
was not followed by a secretion of inorganic P by the* kidney, but in another 
similar experiment the same injection produced an excretion of inorganic 
phosphates in a concentrated form. 

Further, Brull and Eichholtz (loc. ait.) found that when the P secretion is 
abolished in the whole animal by removal of the pituitary or puncture of the 
tuber cinereum, it is possible to produce a secretion of inorganic phosphates 
by intravenous injection of sodium phosphate, the concentration in the serum 
being slightly increased (for instance, by raising the serum P from 2*8 to 10*2 
the concentration in the urine goes up from 0 to 24 in the urine). 

The possibility that the appearance in the urine of inorganic P in a concentrated 
farm after injection of organic P might be due to a small increase of inorganic 
P in the serum^ observed in some experiments, was therefore examined. 

Three perfusion experiments were performed in which sodium phosphate 
was injected, followed after a certain period by glycerophosphate. 

In one experiment the addition of sodium phosphate produced no secretion 
of phosphates. A small excretion, both of inorganic and of organic phosphates, 
followed the addition of glycerophosphate, but the urine flow was so unsatis- 
factory that one cannot draw any conclusion. 

The results of the two other experiments are shown in Tables III and IV. 

In the first of these (Table III) the addition of inorganic P raised the con- 
centration of inorganic phc^phates in the serum from 2*18 to 5*58, but caused 
no excretion. The further addition of glycerophosphates was followed by a 
marked secretion, the urinary concentration rising to 57*7 mgr. per hundred 
cubic centimetres. The concentration of inorganic P in the serum, however, 
simultaneously rose to 7*36, which might account for the rise in the urine 
phosphates if a threshold is postulated. 

The figures of the third experiment (Table IV), while supporting in some 
respects the hypothesis of a threshold, in that a rise in the serum concentration 
of inorganic phosphates from 4*0 to 7*8 was accompanied by a notable increase 
in phosphate excretion, supply defimte evidence that the secretion of inorgamc 
phc^phates following the addition of glycerophosphates is not due to such a 
cause. At a time when the phosphate’s excretion is falling, injection of 50 mgr. 
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Table III. — ^Heart-lung-kidney preparation. Kidney connected at 11 h. 50. — 
3 gr. urea and 1 c.c. adrenaline 1/100,000 added to circulating blood. 
Weight of kidney, 42*5 gr. 





Benal 

blood 

flow, 

cubic 

centi- 

metre/ 

min. 

Serum. 

1 


Frine. 

Time. 

Temp. 

blood 

at 

kidney. 

Blood 

pressure 

{mm. 

Hg.). 

Org. 

P. 

Inorg. 

P. 

Flow, 
cubic 
centi- 
metres, 
10 min. 

Pro- 

tein. 

Org. 

P. 

1 Inorg. 

P. 

11.50 

37-0 

98 

78 







12.05 

— 

— 





— 

2*06 

T- 

0*6 

36*7 

12.12 

36-5 

102 

100 

0-47 

2*18 

— 


— 

— 

12.15 



106 



5-50 

+ 

0*8 

2-53 50 mgr. 
P (so- 
dium 

pbosphate] 

i2.ao 

36-0 i 

102 

107 

— 

— 

4*00 

+ 

0-2 

1-67 

12.35 

— 





0*57 

5*58 

— 


— 

— 

12.40 

36-5 i 

103 

120 





8-40 

+ 

0-24 

i 0-90 

13.00 

37-0 

105 

166 

— 

— 

9*70 

4- 

0*10 

0*70 

13.16 

37*0 

106 

161 

0*27 

5*04 

— 


— 

— 

13.20 






8*00 

+ 

j 

0*15 

0-73 50 mgr. 
F (gly- 
cero- 
phosphate] 

13.27 

— 

— ^ 

— 

7*66 

5*19 

— 


— 

— 

13.30 

37*0 

106 

166 

— 

— 

5*60 

4- 

13*2 

I'll 

13.50 i 

36-0 

106 

150 



— 

3*50 

+ 

33*8 

8*67 

14.10 1 

36*5 





— 

— 

3*45 

+ 

19*0 

24-70 

14.30 

36*5 

106 

1.30 

— 

— 

1-30 

4 

11*3 

37-0 

14.40 

37*0 

106 

130 

2*24 

7*36 

— 


— 

— 

15.10 i 

36*5 

100 

lOO 

— ■ 

— 

0-50 

4 

11*3 

57*70 


of organic phosphorus produces a largely increased output, although the serum 
level was continuously falling. 

In this experiment the ratio of inorganic to organic P in the urine rose to 
15/13 with a serum concentration of 5*6 mgr. inorganic and 1*9 organic P, 
which corresponds with 90 per cent, hydrolysis. 

There is further possibility that the phosphate excretion which sometimes 
followed the addition of inorganic phosphate may itself have been due to small 
increases in the concentration of phc«phoric esters in the plasma owing either 
to sjmthesis or to displacement of the equilibrium between corpuscles and 
plasma. We have at present no esperimental evidence on this point. 

If a P threshold exists, it would in these espeiiments appear to be much 
higher than the normal level of inorganic phosphate in the living animal. 

There seems therefore no doubt, that even though the kidney is able to 
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Table IV. See also Chart I. Heart-lung-kidney preparation. Kidney 
connected at 12 h. 10, 3 gr. urea and 1 c.c. adrenaline 1/100,000 added to 


circulating blood. 





Eenal 

Serum- 



Urine. 

Time. 

Temp- 
eratiire 
of Blood 
at 

Kidney. 

Blood 
Pressure 
mm. Hg. 

Blood j 
Plow. 
Cubic 
centi- 
metres 
per min. 

Org. 

P. 

Inorg. ! 

P*^ ! 

Plow 
cubic 
centi- 
metres 
per 10 
min. 

Pro- 

tein. 

Org. 

P. 

Inorg. P. 

h. m. 
12.10 

37-0 

120 

1 14 










12.21 

— 

120 

1 50 

— 

— 

starts 

, — 

— 

— 

12.36 

37*5 

110 

100 

— 



3-6 


0*03 

8*0 

12.42 

i 

— 

— 

1*2 

4*0 

— 

— 

— 

— 

" 12.45 

38-0 

110 

125 

— 

1 — 

8-5 

4- 

0*00 

2*0. 60 mgr. in- 

12.50 

37-0 

105 




10-0 

+ 

0*20 

org. P (sodium 
pliosi>hate). 

4*0 

12.66 

-JL 

100 

130 

1*4 

i 7*8 

10*4 

+ 

0-00 

30*0 

13.00 

37-0 

108 

160 

— 


12*6 

+ 

0*00 

24*0 

13.05 

— 

100 

— 

— 

— 

10*2 

+ 

0*00 

21*9 

13.10 

36-0 

100 

ISO 

— 

— 

14*2 

+ 

0*00 

19*6 

13.15 

36-0 

102 

150 

0*8 

7*2 

14*8 

4- 

0*00 

17*9. 60mgr.org. 

13.20 


100 

! 

166 



1 

i 17-0 

• 4* 

’o *60 

P. (glycerophos- 
phate.) 

17*4 

13.22 

[ 

1 



10*0 

7*2 

j — 




— 

13.25 

36*0 

o 

o 

166 

— 

— 

18-0 

4 

27*4 

32*4 

13.30 

— 

. — 

^ — 

— 

— 

19*0 

4 

20*9 

34*0 

13.35 

— 

100 

176 

7*5 

6-6 

17*2 

+ 

16*7 

1 34*0 

13.40 

35*5 

100 

— 

— 

— 

17*0 

4 

15*1 

34*9 

13.52 

— 

100 

^ 176 

— 

— 

15*0 

+ 

11*2 

35*0 

14.07 

36-0 

97 



‘ 



11*4 

4 

6*0 

38*8 

14.15 

— 

98 

176 

3*4 

6*2 

9*6 

4 

5*7 

42*2. 250 c.c. 

14.25 

36*0 

100 


1*9 

5*6 




blood added. 

14.30 

— ' 

100 

160 

— 

— 

3*0 

: + 

6*0 

57*0 

14.40 

— 

— 

176 

— 

— 

4*0 

4 

3*0 

44*3. 100mgr.org. 

15.53 

34*0 

100 

136 

25*7 

6*0 



1 

P. (glycerophos- 
phate.) 

16.30 

- 

120 

176 

i 

— ! 

— 

0*9 

+ 

116*2 

69*3 


concentrate injected inorganic P, the inorganic P which appears in the wrine 
in a concmtraied form after administration of organic phosphoric esters, depends 
on the hydrolysis of these esters in the hidney, and not on an eventual small 
increase of inorganic P in the serum. 

Further Evidence on the Place where the Hydrolysis Occurs. 

The question arises now whether the urine itseh contains the enzyme, and 
whether the hydrolysis does not occur after the secretion of the ester and during 
the passage of the urine down the tubules. 




Tests were therefore carried out on various sample of the experimental 
urine by measuring the amount of hydrolysis of sodium glycerophosphate 
effected by 1 c.c. of the urine in 18 hours at 38 degree, at 7*4 and 8-4 
(v. Eobison and Soames, 2). Hydrolysis was observed in some cases, showing 
that the enzyme was present in small but definite amount. These samples 
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also contained protein so that the enzyme may have been derived from the 
breaking down of the tubule cells. Similar results have been obtained with 
human urine, normal samples containing none, or only traces ot the enzyme, 
while samples from nephritic patients may contain appreciable amounts. 

The results of a number of these tests are given in Table V, the amounts of 
hydrolysis being calculated for 100 c.c. urine. 

Although, therefore, there is no doubt that under certain conditions the 
enzyme may appear in the urine, the actual amount is always very small, and 
could not account to any appreciable extent for the hydrolysis of glycerophos- 
phate observed in the perfusion experiments. This hydrolysis must therefore 
take place in the kidney cells themselves. 


Table V. 


1 

' Sample of Urine. 

Protein. 

Sodium glycerophosphate 
(mg. P) hydrolysed in 18 hrs. 
at 38° by 100 c.c. urine. 



i.H=7-4 


Experiment II — 

Normal kidney 

+ 


12 

Nephritic kidney 

+4-+ 

— 

99 

Experiment III— - 

Living dog immediately after denervation 
of Bdney 


20 

53 

Same dog later 

trace 

0 

7 

Same dog later 

0 

0 

2 

Normal human 

0 

1 

1 

Normal human 

0 

3 

3 

Nephritic human 

-f-f 

6 

18 


EJ^ed^ of Urinary Flow on the Extent of Hydrolysis, 

Although the hydrolysis is not determined by the enzyme which is washed 
out of the kidney, it might be supposed that it takes place in the lumen of the 
tubules by contact of the organic ester with the surface of the cells lining the 
tubules. In this case an increased urinary flow should wash out the ester in a 
shorter time so that the proportion hydrolysed should be diminished. The 
following esperiment demonstrates that this is not the case. 

Table VI. Experiment VI. (Chart II). Heart-lung-kidney preparation. 
Kidney connected at O'. 3 gm. urea + 1 c.c. adrenaline 1 : 100,000 added to 
circulating blood. VTeight of kidney, 38*5 gm. 

Urine as it was secreted was directly dropped into trichloroacetic acid to 
prevent any enzyme action. 
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Table VI. 


Blood 
pressure at 
kidney 
(mm. Hg.). 

Urine flow, 
cubic 

centimetres/ 
10 min. 

Cone, in urine. 

1 Cone, in serum. 

Total excretion per 
10 min. mg. P. 

Inorganic phos- 
phates in per- 
centage of total 

1 phosphates in 
urine. 

POrg. 

P Inorg. 

Org. 

! Inorg. 

120.... 

7 

9-5 

6*8 

13-7 

2-6 

16-8 

85-90 

3-4 

12-5 

10-3 1 

6*8 

2-3 1 

25-4 

120 

6-7 

5*3 

9*6 

5-5 

4*2 

43-5 


The figures show that whereas the excretion of organic phosphate diminishes 
that of inorganic phosphate increases, and thus the percentage of total urinary 
phosphates excreted in inorganic form steadily rises. There is, therefore, no 
indication that the extent of hydrolysis is governed by the time during which 
the ester remains in the tubules after being secreted by the cells. 

This points to the conclusion that hydrolysis occurs within the cells, and like 
the secretion is independent of the rate of urinary flow. 


Effect of the Reaction of the Blood> 

It has been shown that the optimum of the phosphoric esterase which 
is present in bones and in the kidney lies between 8*4 and 9*4, and that the 
activity diminishes rapidly towards 7-0. If, therefore, the hydrolysis 
observed in these experiments with the isolated Iddney was indeed brought 
about by this enzyme, the lowering of the p^ of the blood by breathing CO 2 
should cause a reduction in the amount of hydrolysis. 

In four experiments CO 2 was supplied to the heart-lung-kidney preparation, 
so that the p^ of the circulating blood changed from about 7 •50-7 *60 to 
7*20-7*30. From the results of these experiments it was evident that a 
decrease in the rate of hydrolysis of organic phosphates occurred during CO 2 
breathing, and the supposition that the hydrolysis is due to the enzyme appears 
to be Justified. An example of the GOg effect is shown in Chart III. 
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Chart III. Experiment X. — ^Heart-lnng-lddney preparation. Kidney con- 
nected at O'. 3 gm. nrea+1 c.c. adrenaline 1 : 100,000 added to circu- 
lating blood. Weight of kidney 31 *5 gm. 

At 38' sodium glycerophosphate equivalent to 100 mg. P was added 
to the blood. 



Chabt III. 




P (mg.) per 100 c.c. semni. 


Sr 

««• 

1 

s.. 

Inorganic 

2*2 

1-4 

2-6 

Organic 

10-2 

11*2 j 

i 

7-6 
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Experiments on the Whole Anirml. 

Brull and EicUioltz have shown that it is possible to abolish the phosphate 
excretion in the whole animal by cutting out the pituitary, or puncturing 
the tuber cinereum. If phosphates are lowered by this operation they do 
not recover again in the next few hours, but tend to disappear completely. 
In an animal in which the phosphate excretory function has been damaged in 
this way it is possible to investigate quantitatively the fate of injected organic 
phosphates. The following experiment (XII) may be given (see p. 105). 

It is evident that after injection of glycerophosphate into the whole animal 
there is a large excess of organic phosphate in the serum, rising from 0 • 6 to 3 • 65. 
This organic phosphate behaves as a foreign substance, and as such is concen- 
trated and excreted by the kidney. 

The added phosphoric ester disappears from the serum very rapidly, only 
a trace being present in a sample taken 30' after injection, and the amount 
being practically at the normal level in 60'. As the organic phosphate in 
serum diminishes, an ever-increasing secretion of inorganic phosphate takes 
place, so that 40' after injection the whole of the phosphates are coming 
through in inorganic form. 

In the same time there is a slight increase of inorganic phosphates in the 
serum, which rise from 4-3 to 6*9, falling in the next samples to 6-0. This 
increase is absolutely insignificant against the enormously increased urinary 
phosphates. 

During one hour after the injection of 60 mg. P as glycerophosphate, 
10 mg. P were excreted in organic form with the first samples of urine, while 
35 mg. P were excreted as inorganic phosphate. 

When we compare the behaviour of the kidney in vivo with that of the 
heart-lung-Mdney preparation, we see that, in the latter, the degree of hydrolysis 
of the glycerophosphoric ester never reaches the same level as that attained 
in the whole animal. In this respect the isolated kidney behaves to phosphates 
as it does to urea, sulphate or phenolphthalein. Occasionally, however, this 
power of splitting organic phosphate may be found entirely absent in a heart* 
lung-kidney preparation, which yet reacts normally as regards chlorides, urea 
and sulphates. 

The significance of the high optimum of the enzyme remains here, as* in 
the case of the bones, a highly interesting but still unsolved problem ; but 
these experiments prove that at the normal p^ of the blood, whatever may be 
the p^ of the Iddney cell fluids imder such conditions, the enzyme is able to 
display considerable activity. 
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Chart IV. Experiment XIL — Bitch, 8*7 kg. 2 years old. Left kidney 
denervated from the back. Cannulas inserted in both ureters by retro- 
peritoneal operation. 

11.32. — Collection of urine started. 

11.32-11.56. — Pituitary cut out. 60 c.c. of saline given intravenously. 
103' after cutting out pituitary, glycerophc^phate equivalent to 60 mg. P 
in M/8 solution was injected intravenously. 
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Chart IV. 


P (mg.) per 100 c.c. fierum. 



s,. 

s,. 

Sg. 


Sj. 

Rr 

Inorganic 

4*2 

4*3 

5*2 

5*9 

5*0 

5*0 

Organic ! 


0*5 

3*5 

0*6 

0*5 

1 

0*5 


Conclusions. 

* 

Tie isolated kidney, peifiised by means of the heart-lung preparation, 
which is unable to concentrate the normal inorganic phosphates of the blood 
serum, is able to concentrate and to hydrolyse added organic phosphates, 
and to excrete their phosphorus as inorganic phosphates in the urine in a 
much higher concentration than that of the inorganic j)hosphates in the 
serum. 

In the whole animal in which the urinary inorganic phosphates have sunk 
to a minimum after removal of the pituitary or puncture of the tuber cinereum, 
injected organic phosphates are excreted, after an initial stage, entirely in 
inorganic form. 

The suggestion is put forward that normally a considerable part, if not all, 
of the urinary phosphates are derived from the organic phosphates of the serum 
by a process of hydrolysis in the cells of the kidney under the action of the 
kidney enzyme. 

This work was carried out in the laboratory of Prof. Starling, F.R.S., for 
whose continuous interest and help we express our indebtedness and gratitude. 
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Address of the President^ Sir Charles Sherrington^ 0,M.^ at the 
Anniversary Meeting ^ November 30, 1925* 

Let me in tte first place refer, even if briefly, to thc^e wbom death in the 
past year has removed from the roll of the Fellowship. The losses this year 
have been numerous. I follow the order of their occurrence. 

George Downing Liveing, chemist, who held the Chair in Cambridge from, 
if we include the term of his deputy tenure, 1859 imtil 1908, and witnessed 
his University pass, largely owing to his own influence, from a stage with 
hardly any provision for the practical teaching of chemistry to a development 
of it such as pertains to the full modem scale of requirement. HSs original 
contributions to his science lay largely in spectroscopy. Part of his person- 
ality was a vigour, bodily and mental, retained into advanced age, for he had 
reached his 98jbh year. He had been throughout his career a force in his 
University. He was awarded the Davy Medal in 1901. 

William Whitaker, geologist, and in the service of the Geological Survey 
for 39 years. He continued to render unofi&cial help to the Geological Survey 
almost up to the extreme end of his long life of 88 years. 

William Aitchison Haswbll, zoologist, Professor of Biology in the Uni- 
versity of Sydney. An untiring investigator in the field of comparative 
anatomy ; his varied work included the description of a number of remarkable 
aTiTTna.] forms which he was the first to record. His latest paper, published 
only last December, amplified a monograph on the Temnocephalse that he had 
published thirty years before. He was joint author with Geojffrey Parker of a 
large text-book of zoology, of standard reference throughout the English- 
speaking world. 

James Mackenzie, physician, specially distinguished for the advances he 
made in, and the impetus he gave to, modern clinical study of diseases of the 
heart, work begun and largely completed amid the pre-occupations of a general 
medical practice at Burnley. There he devised his polygraph for recording 
simultaneously the arterial and venous pulses to gauge the action of the heart’s 
auricle, a key to the understanding of disturbed rhythm of the h^rt. In 1907 
he came to London and devoted himself to consultant work with great 
success. Finally, he removed to St. Andrews, where his name will 
always be connected with the Institute for* clinical study which he there 
founded. 

vol. xcix.— b. k 
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Oliver Heaviside, mathematical physicist. Withdrawing in early life 
from business as a telegraph engineer, he devoted himself in retirement to 
problems of electricity and of its applications. It has been written of him that 
he, perhaps more than any other one man, proved the value of mathematical 
theory to the electrical industry. He was elected a Fellow of the Society in 
1891. Two years later appeared the first volume of his ' Electro-Magnetic 
Theory ^ ; the .third and concluding one in 1912. He described what is now 
familiar to the radio engineer as the Heaviside layer, by which, it is supposed, 
Hertzian waves are bent round the earth. He was a nephew of Charles 
Wheatstone. 

Horace Tabberer Brown, chemist and botanist. Largely self-taught in 
natural science, though having received some formal instruction in chemistry, 
he entered a brewery, and at once recognized the scope for miscroscopic and 
chemical study of yeasts, and of the then novel cognate studies of Pasteur on 
Vinous Fermentation. It has been penetratively remarked that he achieved 
for brewing improvement and success analogous to those achieved for surgery 
by Lister. He further contributed fundamental researches on the transforma- 
tion and shift .of the reserve carbo-hydrate in germinating grain ; also 
on changes in the green leaf during photosynthesis, and on the amount of 
absorption of carbon dioxide through the stomata in relation to gaseous 
difEusion. He received a Royal Medal in 1903 and the Copley Medal 
in 1920. 

Edwin Klein, histologist and bacteriologist, for many years a teacher 
in the Medical School of St. Bartholomew’s Hospital, and an investi- 
gator, mainly bacteriological, for the Medical Department of the Local 
Government Board. He had been a Fellow of the Society for close on 
50 years. 

Thomas Clieford Allbutt, physician, Regius Professor of Physic at 
Cambridge from 1902 until his death, in his 89th year. By character and 
attainments, an outstanding figure in Medicine throughout his long career. 
Of Yorkshire family, the first 27 years of his professional life were spent 
in Leeds, and in that period he helped to bring into general clinical use 
the sphygmomanometer for measuring blood pressure ; and he introduced 
the clinical thermometer in its present practical form. At Cambridge, 
• he "was not only the titular head, but the life and soul of the Medical 
School. He did much public work for the organization of Medical education 
throughout the country. He was made a Privy Councillor in 1920. An 
accomplished writer, there can hardly be a more charming example of him 
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as such than the obituary notice of his old friend Pridgin Teale, which he 
furnished for the Proceedings of this Society two years ago. He was a Vice- 
President of the Society from 1914 to 1916. 

Edward Thorpe, chemist, distinguished in research, in teaching and' in 
administration. His accurate measurements of specific volumes of liquids 
of related chemical constitution, led him to conclusions which at the time 
were novel. His researches with Dr. Tutton into the oxides of phosphorus 
brought among other results the discovery of the tetroxide, also incidentally 
the recognition of the oxide (P 4 O 6 ) as the cause of the jaw-necrosis of match- 
factory workers, a recognition which enabled the stamping-out of the disease. 
The atomic weight of radium was the subject of his Bakerian Lecture in 1907. 
He will be remembered also in connection with the Magnetic Survey of the 
British Isles. Professor of Chemistry at Leeds, and then at South Kensington, 
and then Government Chemist, he returned to South Kensington as Professor 
of General Chemistry in the Imperial College of Science and Technology, and 
retired at the end of the war. He was foreign Secretary of the Society from 
1899 to 1903. 

John Cleland, anatomist, at first of Queen’s College, Galway, and then for 
82 years in the Chair of Anatomy at Glasgow. Bfis original contributions ■were 
of considerable volume, but his chief impression upon his time was as a 
teacher. 

George Nathaniel Curzon, Marquess Curzon of Kedleston, elected to the 
Sociely under Statute 12 in 1898, had travelled extensively in Asia. Was 
Viceroy and Govemor-Greneral of India from 1899 to 1905. A great public 
servant in many successive capacities. 

Arthur Dendy, zoologist. He completed for the Challenger Eeports the 
memoir on the monaxonid sponges. At one time Lecturer in Melbourne 
University and then Professor in Canterbury College, New Zealand, he con- 
tributed notable observations on a number of Australasian forms. Work on 
the pineal eye, the discovery of the ciliated grooves below the brmn in the 
New Zealand lajmpreys, and a paper on the Eeisner fibre of the central nervous 
system of Vertebrates, are items among his output of work. He was. busy 
with the silicious sponges when his fatal illness overtook him. He had held 
the Chair of Zoology in King’s College, London, for 19 years. 

Albih BLaller, chemist, foreign member. Prom pharmaceutical training 
he had, as is not infrequent in France, passed to a career in pure chemistry. 
He made an exhaustive study of camphor and its condensation products with 
aldehydes and ketones. He furnished an important series of papers on the 

K 2 
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synthesis of antliraceiie derivatives. He introduced tlie idea that the alcohols 
can act on esters in the presence of hydrogen chloride in the same way that 
water acts. He was an ardent worker for the cause of technical education, 
and, largely owing to his efEorts, the Chemical Institute was formed at Nancy. 
For twenty -five years he was Professor of Organic Chemistry at the Sorbonne. 

Wt txtam Fletcher Barrett had held the Chair of Physics in the Royal Col- 
lege of Science, Dublin, from 1873 to 1910. He made contributions of original 
value to physics, but devoted his science mainly to the cause of teaching. 

Felix Klein, mathematician, foreign member, an eminent geometer and 
an untiring contributor to almost every branch of mathematics. He will be 
remembered also as an editor of the Annalen der Mathematik/’ and as an 
originator of the Encyklopadie of Mathematics and Mathematical Physics, to 
which he gave long and devoted service. 

George Dashwood Taubman Goldie, an authority on West African, and 
especially on Nigerian, questions ; he was elected a Fellow under Statute 12 
in 1902. 

Frank Evers Beddard, zoologist, and for more than thirty years Prosector 
to the Zoological Society. His special studies lay in the Oligochseta, and his 
well-known monograph on that natural order contains some of Ms best work. 

Francis Ernest Japp, chemist. His researches dealt especially with certain 
of the diketones, and belonged mainly to the years when he was Assistant 
Professor at the College of Science at South Kensington. He later held the 
Chair of Chemistry at the University of Aberdeen for 24 years. 

Francis Darwin, botanist, whose botanical work included much research, 
especially into the transpiration and the movements of plants. He was asso- 
ciated with the botanical work of his father, Charles Darwin, and he wrote of 
Mm the biography, the well-known “ Life and Letters, ’’ by common consent 
one of the most admirable and delightful accounts ever written of a great 
scientific life, the modesty and simplicity of the presentation contributing 
to its charm. He was awarded the Darwin Medal in 1912. He served as 
Foreign Secretary of the Society from 1903 to 1907, and was a Vice-President 
in 1917 and 1918. 

Edwin Henry Barton, physicist, Professor in the University College of 
Nottingham, his birthplace. He was the author of numerous original papers 
dealing with magnetism, electric waves and with acoustics. He w^'as elected a 
Fellow in 1916. 

William Schlich, eminent in forestry both as an administrator and as a 
teacher. Twenty-four years of Ms earlier career were engaged in India under 
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tte Forests Department of that Government, and there he met continually 
increasing responsibilities with memorable success. He was then appointed to 
the staff of the Forestry Branch of the Royal Engineeiing College at Coopers 
HQll and suteequently to the Professorship of Forestry at Oxford, from which 
Chair he retired six years ago. Advanced age slackened but little his enthusiasm 
and industry, and up to the last he was revising for a new edition his ' Manual 
of Forestry/ the third revised volume appearing only this year. 

James Sykes Gamble, another eminent member of the Indian Forest Service. 
When he jfirst went out to India in 1871, the botany of the Indian for^t was 
for the practical forester’s purpc^es imperfectly known, and the Indian timbers 
were hardly known at all. Early during his period of service he had furnished 
by his admirable " Manual of Indian Timbers ’ a treatise which has been the 
standby of generations of Indian forest officers. 

Andrew Gray, physicist, Professor of Natural Philosophy in the University 
of Glasgow, his alma mater, and where he had, during nine years of his earlier 
life, been assistant to Sir William Thomson (Lord Kelvin). He was author 
of a well-known treatise on ^Absolute Measurements in Electricity and 
Magnetism.’ 

John Youno Buchanan, oceanographer. While with the ‘^Challenger” 
expedition, he demonstrated the inorganic nature of the gelatinous deep-sea 
deposit which it had been,, ..suggested was a prunitive living matter. His 
analysis of certain deep-sea deposits furnished the basis of John Murray’s 
theory of the formation of coral-islands. In his later active life, he collaborated 
much in the oceanographical work of Prince Albert of Monaco, and in organising 
the Oceanographical Institute in Paris. Working, however, largely in 
private laboratories of his own, he accomplished much more than he ever 
published. His more important papers were issued in a volume from 
Cambridge, where he resided and was for a time Lecturer on Geography. 
A member of the scientific staff of the ‘‘ Challenger ” expedition, he had 
outlived all his fellow-members of it. 

John Newtort Langley, a physiologist of unswerving reliability and fidelity 
to research. His earlier work traced the relation between the granules of the 
living secreting cell and the amount and character of the gland’s secretion. 
In 1889 he, in conjunction with his pupil Dickinson, communicated to this 
Society the observation that nicotine selectively paralyse the transmission of 
nervous impulses through the ganglia of thfe sympathetic system. Using this 
reaction as a main means he proceeded in collaboration with Dr. (now Sir) 
Hugh Anderson and others to unravel, in a completeness wholly remarkable. 
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what had seemed the inextricable maze of the ganglionated nerve paths to 
viscera and sMn. He showed that the principles underlying their anatomical 
and functional arrangement were of striking and unexpected simplicity. And 
this, with GaskelFs previous work, put the whole anatomy and physiology of 
the sympathetic system upon a new basis, opening it up for the further studies 
of to-day. Incidentally, during that work he showed that the property of 
double conduction, already recognized for nerve fibre, explains certain spreads 
of reaction, his axon reflexes. He succeeded Michael Foster in ,the Chair 
at Cambridge in 1903. As Editor of the Journal of Physiology he rendered 
long and arduous service. Of the marked renaissance in British physiology 
brought about in his time it may be said that he himself was one of the 
forces to’ whom that renaissance was due. He was awarded a Eoyal Medal 
in 1892, and was a Vice-President of the Society in 1904. 

Turning now to other events of the year, on July 22nd the Society had the 
honour and pleasure of receiving a visit from Their Majesties the King and 
Queen. It afforded an opportunity for showing to the Eoyal 'visitors the 
exhibits prepared for the second aimual soiree, and a demonstration on Echo- 
Sounding for Navigational Purposed given by Mr. F. E. Smith. The Queen 
graciously added her signature to other Eoyal signatures in the Society’s 
Charter-Book. 

A dutiful address has but a few days since been sent to His Majesty 
expressing the deep sympathy of the Society in his bereavement by the 
death of the universally beloved Queen Alexandra. 

The generous bequest of £10,000 received last year from an anonymous 
donor for the promotion of medical research has this year, on the recommenda- 
tion of the Tropical Diseases Committee of the Society, been resorted to for 
prosecuting investigation into the disease kala-azar, endemic in India and the 
Orient. At the instance of the Society, Major Patton and Dr. Hindle started 
for Northern China in June last in pursuance of that object. And now, as 
you have seen from the. Council’s report, the Society has received from the 
same generous and anonymous source a further munificent bequest of some- 
thing over £28,000, to be applied on the same terms and under the same con- 
dition of anonymity. Those directions mil be observed with grateful remem- 
brance. 

This year the Society, at the request of the Government, has again organised, 
through a committee appointed for the purpose, an exhibition of pure science 
at the British Empire Exhibition, . The catalogue of last year’s exhibition was 
revised, enlarged and repubhshed under the title ^ Phases of Modern Science.’ 
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It is estimated that the Pure Science Exhibition has been visited this year 
by at least 120,000 persons. It has thus brought before a wide public the 
importance of scientific inquiry, pure and applied. Mr. F. E. Smith, the Chair- 
man ; Mr. Martin, the Secretary, and their colleagues of the committee, receive 
our thanks for an arduous effort and our congratulations on the success it has 
attained. 

From the fund accruing to it in 1921 by the bequest of Miss Foulerton, the 
Society h^ this year been able, in pursuance of its scheme for advancing 
Natural Knowledge by the establishment of Eesearch Professorships, to 
institute a further Foulerton Professorship, and the new Foulerton Professor 
appointed is Professor A. Vivian H&ll. Professor Hill is already universally 
known as a most distinguished and fruitful investigator in animal physiology. 
His contributions in that field have been many and of outstanding importance. 
He has placed the knowledge of muscular contraction — ^if he will allow me that 
customary phrase, to which I believe he is purist enough to entertain some 
objection — ^upon a new footing. Taking up the problem from the viewpoint 
which chemical researches had at that time reached, Hill, by his own experi- 
ments and experiments in conjunction with his pupils and others, has carried 
its study much further, especially in its physical aspects. The technique 
devised and the lines of analysis pursued have been masterly. He has attained 
preciser measurements, both of the energy changes and of their time relations and 
of the mechanical work realisable. Examining under various conditions the 
several ratios existing between these quantities, he has thrown fresh light upon 
the intimate mechanism of muscle. Not always has it been entirely welcome 
news that Rrofessor Hill has brought us about our muscles ; we learn from 
him that they are sadly viscous machinery, but to that he reconciles us by 
pointing out compensatory advantages arising from that property. It is 
abundantly clear that the more the opportunity he has of prosecuting his 
inquiries, the more shall we and the world learn of the capacity and intricacies 
of bodily function. Deeper acquaintance with the principles underlying that 
function should enable better advantage to be taken of it. Some of Prof^sor 
Hill's results already touch practical issues of that kind. He is determining 
decisive factors concerned in the performance and maintenance of physical 
effort, and is tracing physiological characteristics underlying the skill and 
endurance of the athlete. Such researches promise information of value in 
regard to the management of muscular effort and its application on a whole- 
sale scale to industrial labour. They also promise further insight into what 
may be termed manual skill. Professor Hill’s research^ concern, therefore 
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questions of large practical as well as of theoretical importance. May his 
tenure of the Foulerton Research Professorship provide him with the amplest 
opportunity for cultivating the fertile field which has already conspicuously 
prospered under his able hands. 

This Society is one of the oldest of scientific societies, and science grows 
rapidly, and change is a part of its growth. That the Society vitally partici- 
pates in that growth and change is evidenced by the increasing stream of 
papers which pours in upon it. The Society, coexistent as it is in this its 
third century with many distinguished and flourishing special societies, can 
view with satisfaction such evidence that it in uncontracted degree supplies 
a needed channel for scientific issue of new 'work. The fact testifies that in 
harmony 'with its younger sister societies, it pro'vides in unabated measure 
a living force for the scientific development of its time. 

As regards the biological papers brought before the Society, one feature 
of the time which I think they impress upon the listener, is that at this present 
the gro'wth of what one may term the experimental biological sciences— -physio- 
logy, patholog}’’, bacteriology, and pharmacology — is in some measure a 
convergent growth. Their individual boundaries seem more and more to 
merge. They are indi'vidual in their application rather than in their essential 
nature, and an advance made by one is of immediate advantage to all. 
Of any particular paper it would be often difficult, were it desirable, to say 
under which of these individual sciences it might best be singly classified 
or catalogued. Nor, under the elastic worldng of the Society, does that create 
diflSiculty ; and that again, I think, affords evidence of the practical efficiency . 
of our working arrangement. 

With certain stages of growth there goes on the other hand increasing 
independence of an individual science. This seems so to-day for psychology 
viewed under the rubric of experimental biology. That psychology is rapidly 
growing is evident — ^not least so from its enhanced and successful application 
to practical problems lying before it in the sphere of industrial management 
and conditions of labour. Psychology as a part of experimental biology possesses, 
of course, recognized ties with the physiology and pathology of the nervous 
system ; but on them it no longer explicitly leans to the extent it did. Its 
discipline becomes more intrinsically its own. This is, to my mind, well, 
and of favourable augury for its immediate progress as an experimental 
science. Concurrently with that tendency in psychology it is noteworthy that 
physiologists, Professor Pavlov and his school, with in this country Dr. Anrep, 
are pursuing analyses of complex beha'viour of the higher animals under 
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systematic avoidance of all reference, even by implication, to such psycMcal 
reactions as accompany that bebaviour. Their method applies to animal 
behaviour, in xvider ambit than hitherto, the principles of reflex action. To 
illustrate by one example : — In his admirable Croonian Lecture in this room 
last June, Professor Magnus described analyses by himself and his colleagues 
of the pure reflex behaviour of the cat without cerebral hemispheres. He 
showed how, for example, a moving mouse before the eyes of such a cat attidu- 
dinizes the^whole mechanism of the animal, exciting from it appropriate posture 
and direction in readiness for the final spring upon its prey. After that, all 
the cat has to do is to decide to jump.” To jump or not to jump, that 
becomes the question. At such a point it is that the work of Pavlov and his 
school dovetails on to the work of Magnus and his school. Pavlov shows how in 
the intact animal such a final turning-point in its train of reactive behaviour — 
for instance, “ jump ” or “ not-jump ” — can be studied as what is turned a 
“conditioned reflex” ; he shows ^ how that turning-point can be examined 
as outcome of a balance between physiological impulsions and restraints, 
dependent partly on conditions under which the act is called for at the moment, 
partly on conditions under which it has been called for in the past — that is to 
say, the physiolt^cal history of the act in the individual, the mutual time- 
relations of the dominant stimuli, and so on. The result is thus treated as a 
sum of physiological factors, positive and negative, interacting under phymo- 
logical rules, which can be determined, therefore, as obtaining for the cerebral 
cortex. In this way is pursued a physiological study of higher nervous functions 
of the animal brain, without appeal to psychical reactions, of which, indeed, 
the method afiSrms nothing and denies nothing. To my thinking this line of 
attack is a gain both for physiology and for psychology, since psychology and 
physiology, thus treading an essentially common terrain, yet do so each 
untrammelled by the other and without explicit reference to the eternal psycho- 
physical problem. 

But it would be a far step, and a difiSicult, and of questionable gsdn, to carry 
such divorce of psychology and physiology into the study of fields such, for 
instance, as human speech, with what that connotes for reaction in the human 
brain. There it would seem better, as in Dr. Head's analysis of aphasia, to 
treat the anatomical, physiological and psychical data tc^ether. This seems 
the better, possibly the only, course of approach to th^^ highest conjoint 
physiologico-psychological problems, than which there can be few scientific 
problems which are of greater or more special interest to man. 

By reason of the completion of the statutory term of hfe office, to-day sees 
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the retirement from the Biological Secretaryship of Sir William Hardy. His 
tenure included the greater part of the duration of the war, years of unusual 
difficulty in many ways. Throughout his period of office the Society has owed 
much to his ability and to his breadth of view'. Perhaps not the least among 
his services have been the catholicity and level width of interest and 
sympathy he has given to biology throughout its entire range, and even 
beyond it, and to the field naturalist's side and to the laboratory side alike 
he has done signal service. I tender him, on behalf of the Society, and in 
the name of his fellow officers, grateful and hearty thanks. 

And let me now — ^feeling that this meeting will, in accordance with precedent, 
view my so doing as no pre-election trespass — ofEer welcome to the distinguished 
biologist nominated to follow in the office of the Secretaryship. Also let me 
extend to the name, of unsurpassed eminence in science, nominated for our 
Presidehcy a welcome no less hearty. Every good wish to them both. 

Before passing to the presentation of the medals, my last official act, let me 
offer my very hearty thanks to the Society, to the Members of Council with 
whom I have served, and to my fellow officers throughout 'the period of my office ; 
also to the Assistant Secretary, Mr. Towle, and to the Assistant Librarian, Mr. 
White, and to all the members of the staff. My best thanks are due to them, and 
I tender them sincerely, for the goodwill, kindness and forbearance shown in 
such full measure to me. The office to which the Society did me the honour of 
electing me now five years ago I have, I need not say, esteemed as a very great 
honour ; the kindness received on all hands during my endeavour to discharge 
its responsibilities leaves me its recollection as not only a high privilege but an 
ineffaceable pleasure. 

The Copley Medal is awarded to Professor Albert Einstein. 

The name of Einstein is known to everyone through the theory of Eelativity 
which he originated in 1906 and extended by a notable generalization in 1915. 
Previous investigators had discovered that electromagnetic phenomena for a 
moving system could be correlated to a “ local '' or fictitious time and space- 
reckoning, determined by the motion of the system. Einstein realised that 
the time and space with which we are so directly acquainted by experience 
can be no other than the fictitious local time and space of the moving system 
— the motion in this case being that of the earth ; we have no means of 
determining, nor can physical science be concerned with, any absolute reckoning 
of space and time. It followed that the classical scheme of physics, erected on 
this terrestrial space-time framework, partakes largely of the geocentric stand- 
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point supposed to liave been abandoned from tbe time of Copernicus. Einstein 
opened our eyes to the existence of a broader standpoint from which the 
strange and compKcated results of motion — such as the Eitzgerald contraction 
and the change of mass with velocity — ^were banished, as the earlier revolt from 
a geocentric view of nature had banished the complicated cycles and epicycles 
of Ptolemy. After this Einstein was led to the identification of mass with 
energy — ^another result of far-reaching importance, which allows us to know the 
exact amount of the store of energy so tantalizingly hidden within the atom. 

There was a feeliug that this theory of relativity for uniform motion must be 
a particular case of something more general ; but observational knowledge 
seemed to oppose a decisive negative to any extension. It was Einstein 
again who found the way to the generalization of bringing gravitation into his 
scheme. Just as the complex phenomena of the moving system had been 
found to arise in the process of referring its description to an irrelevant frame 
of space and time, so the phenomenon of gravitation was found to arise in 
referring a non-EucHdean region of the world to an irrelevant Euclidean frame. 
At first sight this seems to be an abstract geometrization of a physical subject, 
substituting an appeal to pure geometry, instead of rational mechanical ex- 
planation. But the real effect has been rather to reduce natural geometry to a 
branch of physics ; it is now recognized that the metre rod is a physical appliance 
for exploring the field of inertia and gravitation, as the magnetic needle explore 
the electro-magnetic field ; and the results of the two kinds of exploration 
of the world ought not to be given differential treatment. 

Einstein’s general theory of relativity is remarkable alike for the brilliance 
of conception and the mastery of the mathematical implement required to 
develop it. The mathematical technique is now familiar to many, and the new 
thought has become almost commonplace ; but we do not cease to marvel at 
the genius which first found the way. through the overwhelming otetacl^. 
The new law of gravitation must be reckoned the first fundamental advance 
in the subject since the time of Newton. It involves an interaction between 
gravitation and light, which had indeed been suspected by Newton and alm<^t 
taken for granted by Laplace, though it dropped out of scientific speculation 
when the corpuscular theory of light gave way to the undulatory theory. The 
three crucial astronomical tests of Einstein’s theory have all been verified — 
the motionof perihelion of Mercury , the deflection of I%ht. and the red-shift of the 
spectral lines. The last-named proved the most difficult to test, but there is 
now general agreement that it is pr^ent in the solar spectrum. More recently 
Einstein’s theory of gravitation has appealed to astronomers not merely as 
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something which they are asked to test, but as a direct aid to the advancement 
of astronomical research. The tested has become the tester. Invoked to decide 
the truth of a suspicion of transcendently high density in the white dwarf ” 
stars, it has decided that in the companion of Sirius matter is compressed to the 
almost incredible density of a ton to the cubic inch. 

The other direction in which modern physical theory has broken away 
altogether from the ideas of the nineteenth century is in the quantum theory. 
Whilst there is nothing in the relativity theory too difficult to be mastered 
with sufficient effort, probably no one would claim that he really understands 
the quantum theory. For such illumination as we do possess we are in great 
measure indebted to Prof. Einstein. In 1905, almost at the same time as 
he published his first work on relativity, he put forward the famous law of 
the photo-electric effect, according to which the energy of a single quantum is 
employed in separating an electron from an atom and endowing it with kinetic 
energy. This was, perhaps, the first recognition that the development of the 
new quantum mechanics was not to be tied to classical mechanics by pictures 
of quasi-mechanical oscillators or other intermediate conceptions, but was to 
proceed independently on radically different principles. iN’oteworthy contribu- 
tions followed, on the theory of ionization of material, and on the problem 
of the specific heats of solids. In 1917 Einstein reached another fundamental 
result — ^namely, the general equation connecting absorption and emission 
coefficients of all kinds. This gives deep insight into the origin of Planck’s 
law of radiation, besides providing new formulse with the widest practical 
applications. 

If it is thought that Einstein’s work of relativity deals with transcendental 
realms of thought with little bearing on the immediate needs of practical science, 
his work on the quantum theory has provided some of the most indispensable 
formulae of daily application in the physical laboratory. But the truth is that 
both contribute to the development of physical science in its most practical 
mood ; and both alike are distinguished by a penetrating insight into the origin 
and interconnection of the laws governing experimental phenomena. 

A Eoyal Medal is awarded to Professor William Henry Perkin. 

The science of organic chemistry 6wes a large debt to Prof. William Henry 
Perkin, as instance in recent years his monograph on cryptopine and protopine, , 
a record of chemical research rarely equalled in experimental skill and precise 
reasoning. He has revealed the constitutions of the alkaloids harmine and 
harmaline ; he is neariug the solution of the structures of strychnine and brucine, 
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two alkaloids which have hitherto resisted all attempts to determine their 
structural formulse. His work on berberine has left few questions rmanswered 
concerning the constitution of this important substance. Moreover, while 
developing new methods of attack on the chemistry of these natural products, 
he has faced many problems in structural organic chemistry, which, though 
aside from the main line of his work, he has with characteristic thoroughness 
solved by the aid of collaborators who have received their training under him. 

He succeeded, during a period of twenty years at the University of Man- 
chester, in building up there a school of chemical research which was a pattern 
to the country, and gave inspiration to many who were fortunate enough 
to study there under him. During the past twelve years, in the University 
of Oxford, he has again organized and developed a similar research school ; 
the records of the Dyson-Perrins Laboratory at Oxford, designed and equipped 
under his direction, bear witness to the extent and fruitfulness of the researches 
there carried out by him. 

For his earlier work the Society, in 1906, awarded him the Davy Medal ; 
this Eoyal Medal is now awarded him in recognition of his more recent contri- 
butions to the science he has done so much to advance. 

A Royal Medal is awarded to Professor Albert Charles Seward. 

Professor Seward’s work has been conspicuous on account of the way in 
which he has extended and reduced to order our knowledge of the palseobotany of 
Gondwanaland, especially in India, South and Central Africa, Antarctica and the 
Falkland Islands. The isolated descriptions of fragmentary fossils, which have 
accumulated in enormous quantities since McCoy, in Australia, and Feistmantel, 
in India, did their main descriptive work in the ’seventies, remained of local 
and limited stratigraphical value until further investigations showed that many 
fossil fragments previously described imder separate generic names belonged 
to the same species. The important problem of torrelating the widely sepa- 
rated Gondwana beds in India and on the three southern continents has been 
based largely on the plant remains, and has now attained a satisfactory stage 
on account of Professor Seward’s work on material obtained from all the 
areas concerned. The lower stages of the Gondwana system are characterised 
by evidences of a glacial climate ; and in order more completely to understand 
the conditions of life that existed. Professor Seward has visited Greenland 
and otherwise paij special attention to the effect of climate aiad light in explain- 
ing the rise and luxuriance of the Glossopteris flora in the Southern Hemisphere, 
In addition to its direct stratigraphical value to geolo^ts, his work has added 
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greatly to our knowledge of plant migration, and especially of the way in which 
the Glossopteris flora invaded the Northern Hemisphere, previously occupied 
by the groups familiar to us by our Coal Measure plants. He has thus utilised 
the principles and facts of one science to solve the problems of another. 

The Davy Medal is awarded to Sir James Irvine. 

The constitution of the simpler sugars (monosaccharoses) was based on a 
sure foundation by the classical researches of Emil Fischer. Taking up the 
investigation where Fischer had left it, Irvine was able, in the first instance 
in association with Purdie and later in conjunction with the many students 
who have received their training in research under him at the University of 
St. Andrews, to carry the enquiry into the more complex field of the disac- 
charoses, and by means of new processes, which he has been able to evolve 
and apply, to assign definite chemical structures to many of these most 
important natural products. Not content with this achievement, he has also 
studied the constitutions of the still more complex polysaccharoses, Starch 
and Inuline, and has been able to throw considerable light on the chemical 
structures of these substances, incidentally gaining an insight into the manner 
in which the plant forms and utilises these fundamental reserve materials. 

The Sylvester Medal is awarded to Professor Alfred North Whitehead. 

Whitehead’s early work was strictly mathematical. ' He made important 
contributions to generalised algebra, in particular to the calculus of extension, 
to axiomatic geometry, to non-Euclidean geometry, to the theory of cardinals, 
and to the older forms of symbolic logic. Always primarily interested in the 
foundations of mathematics, it is in the logical analysis of these foundations 
that his main reputation has been won. The great work, Principia Maihe- 
matim, written in collaboration with Bertrand Kussell, contains the most sys- 
tematic and the most profound analysis to which the foundations of the subject 
have yet been submitted. In the three volumes of this work it is shown how 
all pure mathematics may be developed from a minimum of primitive ideas and 
fundamental propositions, of a purely logical kind, and a standard of accurate 
reasoning is established, over the whole field of mathematical logic, comparable 
with that established by Weierstrass in the older mathematical analysis. 

From pure mathematics both .Whitehead and his collaborator have turned 
independently to physics. In his more recent books WhiteHead has endeavoured 
to apply the spirit of Principia Mathematica, and in particular the principle 
which he calls extensive abstraction,” in the more complicated and more 
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controversial field of physical existence. That a point, whether in the older 
physics ox the modem physics of space-time, is a class, or a class of classes, of 
events, that an electron is a systematic correlation of the characters of all 
events throughout all nature, are doctrines at which the unsophisticated may be 
tempted to scoff. The tendency of modern scientific thought is to the con- 
clusion that, if the world of physics is indeed ultimately capable of any rational 
interpretation, it must be interpreted in some such way. All those, whether 
mathematicians, philosophers, or physicists, who desire some orderly philo- 
sophy of physical nature, will recognise the very great importance of \\Tiite- 
head’s contribution to their common. end. 

The Hughes’ Medal is awarded to Mr. Frank Edward Smith. 

Mr. F. E. Smith has been awarded the Hughes’ Medal in recognition of the 
value of his work towards realisation of the fundamental units of electrical 
measurement. His work on this subject began in 1902. 

The results of these various investigations were published in a series of 
papers in the Philosophical Transactions,” and have remained as standard ; 
such further experiments as have been made since have served only to confirm 
their accuracy. In words from a paper on the value of an ampere, 
published in 1912 by the Bureau of Standards of Washington, The work 
marks a new epoch in the history of the absolute measurement of electrical 
quantities.” 

Other important investigations by Mr. Smith have dealt with the measure- 
ment of Terrestrial Magnetism. The recording magnetometers which he 
designed have proved of great value, while more recently he constructed, 
at the suggestion of Sir Arthur Schuster, a horizontal force magnetometer 
of extreme accuracy. During the war his services to the nation were of 
great importance, and since the Armistice, as Director of Eesearch at the 
Admiralty, he has been responsible for a number of valuable investigations. 
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A Optical Statistical Study of Experimental Data on the 
Effect bf Minute Electric Currents on the Growth Rate of 
the Coleoptile of Barley. 

By F. G. Gregoey and L, Batten. 

{Communicated by Prof. V. H. Blackman, F.B.S. — Received July 15, 1925.) 

A study of tlie effect of very minute electric currents on the rate of growth 
of the coleoptile of barley was published recently by one of us (P. G. G.) in 
collaboration.* In this paper the mean rate of a number of control coleoptiles 
was compared with the mean rate of a number exposed to a minute electric 
discharge. The growth rate of individual coleoptiles showed, naturally, 
considerable divergences, so the mean result was in each case based on the 
observation of a large number of coleoptiles, the increments of growth of 
individual coleoptiles being stated as percentages of the rate of growth during 
the first hour of observation. It was assumed that the distribution of growth 
rates in a comparatively large sample of a pure-line barley would conform 
with the normal distribution ; the probable errors of the mean results were 
therefore calculated in the ordinary way. 

During the continuation of this work positive results have been obtained 
in further experimental sets, but a number of these, though significant in 
the mass, were individually without significance. This suggested that a careful 
statistical study of the data on which the results were based might show how 
the accuracy of the method could be increased. Such a study has accordingly 
been undertaken, and it seems probable that methods employed are likely to 
be of use in the treatment of similar data. 

The percentage increment basis for estimating the changes in growth rate was 
employed in the original paper with the idea of rendering more comparable 
results obtained from slowly and from actively growing coleoptiles. It has 
the disadvantage, however, that should the growth of the first hour be 
abnormal, an error is introduced into all subsequent hourly rates, unless all 
these exhibit the abnormality to the same degree. The method also assumes 
that the acceleration in growth rate, which all coleoptiles exhibit as they 

* V. H. Blackman, A. T. Legg and F. G. Gregory. “ The Effect of a Direct Electric 
Current of a very Low Intensity on the Rate of Growth of the Coleoptile of Barley.” ‘ Roy. 
Soc. Proc.,’ B, vol. 95, pp. 214-228 (1923). 
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increase in length, is proportional — over the whole range of growth encountered 
— ^to the rate of the first experimental hour. A study of the data shows that 
this is not the case, and that by employing this method the acceleration for 
coleoptiles with low initial growth rates tends to be too high. These charac- 
teristics of the method would not have been of importance if it had been 
possible to obtain in the various experimental sets samples covering the same 
range of growth and having the same mean initial rate. An analysis of the 
data shows that this has not been achieved, and that a few aberrant coleoptiles 
in a sample are liable markedly to bias the mean result. 

As will be seen below a treatment of the data has now been employed which 
spreads the effect of errors uniformly over the whole period of the experiment. 
The correlation of the acceleration of growth with the initial rate of growth 
has also been determined, so that allowance can be made for the behaviour 
of coleoptiles with different initial rates. Using such adjusted data the results 
have been recalculated, showing that a case has been made out for the effect 
of one hour’s electrification, at least, the positive result obtained for this shorts 
period having a probability of over 200 : 1. 


Method, of Calculation. 

In order to secure uniform distribution of the effect of errors over the whole 
period of the experiment it is fiecessary that in the estimation of the effect sought 
for, all measurements made should have equal weight. This has been achieved 
b/ calculating, from the hourly increments in growth, the straight line of 
closest fit.” The method of least squares was used, and ensured that the 
mean square deviation from this straight line was the smallest possible. It 
may be objected that an element of arbitrariness has been introduced by 
selecting the straight line as the curve of closest fit ; but, in fact, straight lines 
do represent very closely the actual experimental curves over the particular 
period under consideration. Had this not been the case a curve of 
order would have been used. 

Fig. 1 shows the calculated straight line and the mean experiment value 
for a series of controh experiments over. a ten-hour , period. A rhythm is 
apparent in the growth rates for each individual plant, and since tMs rhythm 
survives the process of taking means, it seems probable that the phase of 
the periodicity is induced by some condition associated with the setiang up 
of the experiment. The relation between the time tak®a to complete the 
cycle and the time interval at which the plants are is obviously 
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Fig 1 -Mean values inscale divisions of micrometer of hourly growth-rate of 18 ooleoptiles, 
they exhibit weU-mgxked rhythm. The calculated straight line of closest fit is shown. 

important, since it is desirable that measurement should always be taken in 
the game phase, otherwise a rhythm will appear also in the successive hourly 
averages, which probably accounts for the observed osciUation. 

The constants of the straight line represent two important quantities : 

1. The rate at time, zero, corresponding with the growth rate in the hour 
previotis to electrification. 

2. The slope of the line which measures the acceleration in growth. 

From the series of growth measurements for each individual, both in the 
electrified and control experiments, a straight line of closest fit was calculated, 
and it was these straight lines on which the subsequent calculations were 

based. 

• In the. general equation for the straight line y — mx — c, the slope of the fine 
is given by the value of m, and c represents the point of origin ; x is repre- 
sented in our experiments by the number of hours which have elapsed since 
the hour previous to the first hour of observation. This was 2| hours after 
the experiment was set up and an hom previous to electrification in the case 
of the experimental plants ; c represents the growth rate during that hour 
and m the average acceleration. From the series of lines thus obtained, the 
efiect of electrification is measured by the difference in the value of mean m 
for the electrified and control series— i.e., the difference in slope of the lines. 

From an examination of all the data two points emerge : (1) The slopes 
of the lines in corresponding series vary among themselves. (2) Even when 
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the slopes are similar, the points of origin (the values of c) vary from experiment 
to experiment, and are dijSerent in the control and electrified plants of a single 
series. 

It is to be noted that in each series the value of c for the controls was always 
above that for the electrified ; the use of the percentage method calculation 
thus always tended to bias the results in favour of electrified plants. This 
point is clearly brought out in fig. 2, where the plants of a single control series 



I^G. 2. Fig. 3. 

Fig. 2. — Straight lines of closest fit for means of hourly increments of growth of a single 
sample of controls, divided into two sets, A and B, showing the sets with initial growth 
rate respectively above and below the mean rate of control sample. 

Fig. 3. — Straight lines of closest fit for the same two sets as shown in fig. 2, but with move- 
ments of growth shown as percentages of initial rate. 

were separated into two classes — A and B namely — ^those with a value of c above 
and below the mean value for the whole series. The high values correspond 
with the longer and the low values with the shorter coleoptiles. The data 
were dealt with in two ways. In one case, the straight lines were fitted to 
means of the actual hourly increments (fig. 2) ; in the other case ihe sfcra%ht 
lines were fitted to the means of the percentage increments (%. 3). The 
first method gives two nearly parallel lines having different values of o, corre- 
sponding to the longer and shorter average lengths of the coleoptifes. The 
second method gives entirely different results. The slop^ of the Sues are now 
different, and the bias in favour of the shorter coleoptiles is veiy evMaat, 

In order to compare the electrified and control series, it is obviously necessary 
to standardise the points of origin of the straight Unm, and before this could 
be done the relation between the slope (i.e., of the ace^ration of growQi) 

h 2 
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and the points of origin the initial rate of growth) had to be determined. 
For this purpose the method of coirelation was used, and the correlation 
coefficients between 7n and e for each series were calculated. In every case the 
correlation was negative. 


Experiment. 

1 

Correlation between 
Slope of the Line 
and Initial Growth 
Rate. 

Regression of Slope 
on Growth Rate. 
hn.c. 

A -1 

r One hour electrification. Four hours after 

1 efiect 

~ 0*295 

- 0-0401 

] 


- 0*162 

- 0-023 


r Three hours’ electrification 

- 0*237 

- 0-0490 

® 1 

1 Control 

- 0*0786 

- 0-0124 

n J 

r After effect of B (two hours) 

- 0*500 

- 0-241 

° i 

[Control 

- 0*402 

- 0-126 

J 

^Half-hour electrification. Three hours’ 
effect 

- 0*527 

- 0-138 

1 

[^Control 

- 0*416 

- 0-330 




From the correlation coefficients the regression of slope on growth rate 
at time zero was obtained, which gave the mean change in slope (the value of 
m) for a given change in the initial rate of growth (c). The standardised value 
selected for c in each case was the mean value of c for electrified and control 
samples, thus enabling a readjustment to be made of the value of m for the 
differences between the values of c and the standard value. This gave a new 
series of values for the slopes of the individual lines, (m') corrected for the varia- 
tion in growth rate during the hour previous to electrification. In this way the 
effect of heterogeneity in the samples has been corrected. 

The following table (p, 127) shows the values obtained for the series of 
36 control plants and the series in which a discharge of three hours was given. 

The Significance of the Slope of the Line. 

The straight lines representing the results of the controls and electrified 
experiments constitute a sheaf of lines, originating all at the same point and 
spreading with greater or less slope about the mean lines. The significance 
of the difference in slope between the mean lines, which is the quantity taken 
to repr^ent the effect of electrification, will depend on the degree of variation 
in the slopes of the individual lines. For the estimation of the significance 
of this difference R. A. Fisher’s modification of students’ method was used.* 

* R, A. Fisher, * Statistical Methods for Research Workers,’ London, 1925. 
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' Controls. 

Electrified. 

Three hours’ discharge. 

c 

m 

m' 

c 

m 

m' 

0-988 

0-088 

0-0880 

0-690 

0-190 

0-1753 

1*193 

0-088 

0-0905 

0-890 

0-100 

00961 

1-104 

0-069 

0-0704 

0-977 

0-157 

0*1664 

1-139 

0-056 

0-0578 

0*910 

0*060 

0-0581 

1-461 

0-036 

0-0418 

0-769 

0-067 

0-0557 

0-939 

0-079 

0-0784 

1-222 

0-082 

0-0934 

1-421 

0-096 

0-1014 

0-930 

0-050 

0-0471 

1-336 

0-086 

0-0903 

0-815 

0-110 

0-1014 

0-960 

0-020 

0-0196 

1-138 

0*058 

0-0653 

0-683 

0-113 

0-1092 

1*436 

0-071 

0-0929 

0-866 

0*126 

0-1245 

0-958 

0*123 

0*1214 

1-306 

0-106 

0-1099 

0*973 

0-068 

0-0672 

1-045 

0-045 

0-0457 

1*080 

0-090 

0-0944 

e -768 

0-068 

0-0652 

1-044 

0-099 

0-1016 

0-794 

0-064 

0-0616 

0-866 

0-091 

0-0849 

0-894 

0 069 

0-0578 

1-048 

0-101 

0-1038 

0-917 

0-092 

0-0911 

1-166 

0-071 

0-0796 

1-019 

0-104 

0-1044 

0-826 

0-076 

0*0680 

1-287 

0-047 

0-0507 

0*988 

0-083 

0-0829 

0-878 

0-098 

0-0966 

0-861 

0-076 

0-0697 

1*059 

0-099 

0-0999 

0*647 

0-077 

0-0602 

1-131 

0-021 

0-0228 

0*659 

0-104 

0-0878 

0-841 

0-061 

0-0591 

1-002 

0-097 

0*0976 

0*720 

0-015 

0-0116 

0*965 

0-005 

0*0038 

0-823 

0*043 1 

0-0409 

0*901 

0-121 

0*1166 

0-958 

0-073 

0-0726 

0-988 

0*133 

0-1329 

0-944 

0-104 

0-1034 

0*982 

0-092 

0-0916 

1-070 

0-075 

0-0760 

0-901 

0-066 

0-0616 

1-076 

0-066 

0*0671 




0-920 

0-105 

0-1041 




0-980 

0-090 

0-0899 




1-114 

0-089 

0-0905 




0-847 

0-057 

0-0552 




0*952 

0-152 

0-1515 




0-946 

0-081 

0-0805 




1*300 

0-045 

0-0489 




Means — 






1*018 

0-0754 

0-0758 

0-961 

0-0899 



= _ 0-07863 
(Tc =0-1899 
( r , j 4 =0-02999 
=0-01241 


= - 0-2374 
=0-1664 
= 0-03437 
== - 0*04903 


c initial growth rate. 

m slope of line of closest fit calculated for each individual experiment, 
m' corrected value of slope, for c = 0-990. 


The factors entering into the calculation are (1) the mean difference in slope ; 
(2) the snm of the squares of the deviations from the mean ; (3) the number of 
individuals examined. 
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TMs method has been applied to four se-fe of data, and the results so 
recalculated are given below: — 


Experiment. 

' 

Difference between 
Mean Values of 
Acceleration of 
Growth Rate of 
Control and of ' 

Electrified Plants. 

Value of t 

Probability. 

A. — One hour electrification. Four 
hours’ after-effect 

+ 0- 01886* 

2^75(i 

200:1 

B. — ^Three hours’ electrification 

+ 0-0122 

1*458 

13:1 

C. — After-effect of B (two hours) 

+ 0-00025 

0*500 

Not significant. 

I) — -Half -hour electrification. Three 

+ 0-00393 

1 o* 2 or> 

Not significant. 

hours’ after-effect. 

For all results. 

2*46 

130 : 1 


It is to be noted that all the results are positive, and these four electro-culture 
results taken together are definitely significant of the effect of the discharge, 
since the sum of the four values of t divided by the square root of the number of 
sets give a value of 2 • 46. The individual results, however, vary in significance. 
It is evident from the value of the acceleration of growth produced by one hour ' s 
electrification that the first result is highly significant, the probability being over 
200 : 1. Since the positive values alone are considered the probabilities, as read 
from Fisher’s table of have been doubled. For three hours’ electrification 
the result is suggestive, with a probability of 13 : 1, but alone is not significant, 
while the third and fourth results individually lack significance. The possi- 
bility of securing a significant result depends largely on the total variance in 
growth rate of the sample being low, and so far this has not always been achieved. 
The results A and B indicate clearly how large a part variance plays in deter- 
minuig the significance of results. It will be seen that the mean values of 
acceleration in growth rate for the two experiments A and B do not differ 
greatly, and the disparity in their significance is due to the fact that by chance 
a remarkably uniform series of coleoptiles fell into the first experiment, whereas 
in the second a small proportion of aberrant individuals was included. Indeed, 
half the total variance in this series can be accounted for by two coleoptiles,* 
and in the whole four series by 10 per cent, of the coleoptiles. Efforts are 
being made at present to discover, if possible, some means of recognising such 
aberrant coleoptiles so that they may be eliminated before the experiment 
begins. 

* If th^ two individuals in series B are omitted, the results become significant, with 
a probability of 22 : 1. 
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As already pointed out, all the four results are positive ; in fact, in these and 
other similar laboratory experiments, in no sifigle cme has a negative effect of 
electrification heen observed. This suggests that the failure in a number of 
cases to obtain results individually significant is due to the fact that the small 
efiect sought for has often been masked by the variability of the material used* 
A very careful selection of the length of the coleoptiles used should do some- 
thing to reduce the heterogeneity of the material ; other factors are also being 
studied with the view to the further elimination of aberrant coleoptiles. With 
a reduction in the variance it should be possible to obtain significant results 
with a very much smaller sample than have hitherto been employed. 


Summary. 

A critical statistical analysis has been made of the data on which the results 
described by Blackman, Legg and Gregory, for the effect of electrification on 
the growth of the coleoptiles of barley are based. It has been shown that the 
growth rate in even these comparatively large samples of a pure line barley 
do not show a normal distribution. 

The length of the coleoptile at the begianing was naturally found to be 
correlated with the growth rate, and a negative correlation’ was established 
between the initial growth rate and the natural acceleration of the rate which 
occurs apart from electrification. Any sample containing an undue proportion 
of coleoptiles with a slow initial rate would show an exaggerated increase of 
growth rate later, and this would be stiU further exaggerated by the percents^e 
basis of calculation of the giowth increments. 

By calculating the straight line of closest fit for the series of hourly growth 
rates supplied by the data, the growth for each hour was equally weighted in 
determining the result. 

By determining the correlation between initial growth rate and acceleration 
of growth rate, correction can be made for variation in the subsequent gmfWth 
rate due to initial rate. Using such corrected data, the growth rate of the 
control and experimental sets of coleoptiles appear as lines of varying slope. 

Such corrected data are calculated for the controls and four electrified sets — 
three published sets and one unpublished. All of these show positim r^ults, 
and, taken together, provide markedly significant evidence of the physiological 
effect of the discharge. Considered separately, it is found that the increase 
in the rate of growth during five hours as a r^ult d one hour's electrification 
is highly significant, the probability being over 200 : i. Th^ effect of a three 
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hours’ electrification is suggestive but not quite significant, giving a proba- 
bility of 13 : 1 ; the other two results are individually without significance. 

The fact that neither in these four sets nor in any other set has a negative 
result been obtained suggests that the failure to obtain individually significant 
results in some of the experiments is due to the masking of the effect by the 
variability of the 'material used. In fact in one experimental set two 
aberrant coleoptiles were responsible for half the variance. 


Measurements of the Reversing Spiral in Cotton Hairs. 

By W. Lawrence Balls, Sc.I)., F.B.S., and H. A. Hancock. 

(Received August 5, 1925.) 

This paper resumes our study of the reversing spiral structure found in the 
cell wall of cottpn hairs,* and presents typical samples of the many thousands 
of measurements which we have made during the past three years in an attempt 
to interpret their significance by statistical methods. These measurements 
were made imder the microscope by the use of elliptically polarized light, with 
eye-piece graticules and mechanical stage, the colour change being checked by 
direct oteervation of the structure whenever any doubt existed. 

It is not advisable to draw rigid conclusions as to the causation of the spiral 
reversals from the data here presented, because such conclusions would be pure 
inference, unsupported by direct observation. We have tried to grow cotton 
hairs in vitro, outside the boU, for such observation, but have failed so far. 
The data are therefore given as a record of facts, with no more speculation as 
to their meaning than is needed to make them cohere. We feel sure that their 
significance transcends the limits of the genus Gossypium, and that statistical 
study of the data, such as is beyond our competence, would give much informa- 
tion about the detailed mechanism of one part of the growth process. 


* W. L. B. and H. A. H., “ Further Observations on Cell-wall Stnictnre'as seen in Cotton 
Haars,” ‘ Roy. Boc. Proc./ B, vol. 93 (1922), 
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Measurements ani Symbols. 

I = The length of an unbroken spiral is the distance from one 
reversal of the spiral to the next reversal, “without regard 
to the hand of the spiral. 

and /g == The length of right-hand spiral (dexter) or left-hand spiral 
(sinister) between two such reversal points. 

L = The length of the complete hair cell. 
n — The number of separate I units in the complete hair cell. 

Hence 

— 1 = the number of reversals in the cell, and = nl = L. 

The ratio can be determined ; it varies greatly from hair to hair, 

but approaches unity on the average of many. 

The values for I range from about 0*01 mm. to 12*7 mm. It will be seen 
from the curves reproduced in fig. 4 that 0*01 is probably arbitrary, being our 
class-unit of measurement, and that I may perhaps be imagined as infinitely 
small in the limit case. 

The measurements of I or and Z, can be plotted as frequency distributions 
for single hairs or groups of hairs, such as are here presented (figs. 2, 3, 4 and 9). 

The angle of inclination of the pit spiral in relation to the cell axis has also 
been measured (fig. 10). 

The value L/% is obtained quickly when the frequency distribution is not 
required, and serves to compare different hairs in respect of their average 
distance between two reversal points (fig. 5). 

In 1 the variation from hair to hair is sketched graphically for 14 hairs, 
with detail^ presentment for one of the 14 to show the variation in a single hair. 

LimiMions. 

{a) We have previously inferred that the reversals might be generated and 
predetermined during growth in length, though they are not visible until 
secondary thickening of the wall begins, this process developing ” thm like 
the development of a latent image on a photographic plate. Having ccmadered 
other possibilities, such as a predetermination reaching back to the pre-extemion 
stage, we see no reason to abandon this inference. But a sev^e limitation is 
thereby imposed on us, because, in this respect, the course of the growth hktory 
is invisible until it is completed, and has to be inferred from the finished product. 

(b) We are as yet unable to watch hairs which are actuafly growii^ in length. 

(c) An important limitation is placed on inteprefeatbn, as distinct from 
experiment, by the fact that the optical axis is coimeidemt “mth tl^ fibril axis 
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at all parts of its reversing spiral. Hence the causation of the reversals can 
only be physiological and cannot be ascribed to molecular structure. 

(r?) The difEerences from hair to hair are enormous (fig. 1). 



of each spiral in any one hair (a) by rectangular plotting. (Compare with the method 
used in fig. 8.) 

By smoothing such graphs the general construction of thirteen other hairs is shown, 
drawing them with bases coincident. These hairs are taken at random from a fruit 
which ripened under constant illumination. They include the hair marked (b), which 
had the longest uninterrupted spiral yet observed, viz., 12*7 mm, 

Mimdfiation of Possible Influences . — ^It will clarify discussion to point out here 
that we may dismiss various likely causes which might reasonably be expected 
to have influenced the form of our curves. The elimination of these makes it 
clear that we are dealing with a phenomenon which is common to all the seed 
hairs of the genus Oossypium^ whether those hairs are long lint or short fuzz, 
and whether they constitute the finest Sea Island cotton or the poorest Indian, 
or even if they occur on G. KirJcii, which otherwise is scarcely recognizable as 
a cotton plant. It appears, therefore, that we are dealing with a phenomenon 
of general interest, probably not peculiar to Gossypium. 


Number of Spirals Number 0F Spirals 
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{a) Genetic Effects , — Siiooilar frequency distributions of I and nearly identical 
Tjjn values were given by Harland's V. 135 pure line of Sea Island, and by 
Aligarh White Flower Indian, grown side by side (fig, 2). These represent 
about the best and the worst commercial cottons of the world, approximatdy 
(t. peruvianum and G. herhaceum, with 26 and 13 chromosomes* respectively. 
Similar resemblances were shown by all other cottons examined, the only 
differences being qualitative and traceable to other causes. 

(b) Environmental Effects , — ^We have compared the V. 135 strain and several 
others (American, Egyptian and Indian), as grovm in the field in their native 
lands, and also as grown in our greenhouse in Bollington under various 
conditions. The same identity of general type held good (fig. 2). 



There is no significant difference in fom between Sea Iski^i and Indian when grown 
side by side in the greenhouse, in spite of differences in ampfitude. Ako, the 
difference between greenhouse and field for either kind is 


* Denham, H. J., “ Chromosome Numbers of Old and New Wwid Cottoit-e,’' * Shiri^ 
Institute Memoirs.’ vol. Til. No. xxi (1924). 



Number of Spirals Number of Spirals 


134 W, L. Bails and H. A. Hancock. 

To test our early speculation that the reversals might agree with day and 
night changes of environmentj we grew two plants in constant illumination 
(5 X 200 c.p. gas-filled lamps), with only very slight diurnal changes of 
temperature and humidity. By dis-budding the plants we managed to ripen 
one boll in 1922 and three in 1923, one of the latter having not only grown 
in length but having also flowered in the constant environment. We found 
the usual numbers of reversals, and, again, the usual frequency distribution 
(fig. 3). 



Fig. 3. — Showing that the frequency distribution of I is not modified aj)preciably by a 
constant environment. Also, that the difference between the dexter and sinister, 
la and distributions in long hairs, though slight, is definitely greater than that 
between the I distributions of equivalent random hairs. Measured and plotted as 
fig. 2. Material; Egyptian Sakel cotton, transferred from greenhouse to constant 
iUumination ; twenty hairs depicted from one boll. 

Above : — ^First ten hairs taken at random. Mean 1 0* 662 mm. 

Additional points, 3-2, 3‘5, 3*8, 3*9, 4*4, 12*7. 

Second ten hairs taken at random. Mean 1 0*657 mm. 

Additional points, 3*1, 3*2, 3*3, 3*4, 3*9, 3*9, 4*1, 4*8, 4*8, 6*5, 7*L 
Below Dexters only. Mean la 0*619 mm. 

Additional points, 3*2, 3*2, 3*4, 3*9, 3*9, 4*8, 

Sinisters only. Mean 1^ 0* 698 mm. 

Additional points, 3*1, 3*3, 3*5, 3*8, 3*9, 4*1, 4*4, 4*8, 6*5, 7-1, 12*7. 
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(c) The Chevelure PaUern. — Inside a boll tbe bairs are neatly packed in a 
sinuous pattern aptly compared to a cbevelure. Careful removal of areas 
from this, witbout disturbing tbe relative positions of tbe constituent bair 
fragments, showed an entirely random arrangement of tbe reversals. Tbe 
ultimate packing of tbe bairs is thus not a causative factor. 

(d) Location of Seed. — ^Tbe following instances from several examinations 
made on every seed in one fruit will suffice to sbow tbe constancy of "Ljn 
under sucb conditions : — 


Table I. — ^Values of LJn in millimetres for One Boll of Xo. 77 Egyptian, 

Greenbouse. 

Five seeds per loculus and 25 bairs per seed examined for L and n. 



Distal Seed- 

Intermediates. 

Basal Seed. 

Mean by 
Loculi. 

Loculus a 

0-56 

0-68 0*65 0*63 

0*57 

0*618 

b 

0'64 

0-58 0*60 0‘56 

0*71 

0-617 

„ e 

0'66 

0-58 0-57 0*67 

^0*63 

0-621 

Means ty locus 





of seed 

0-62 

0-61 0-60 0*62 

0^63 



Factors Influencing the Reversals . — process of ebmination next led us to 
conclude that only two factors were concerned in producing sucb quantitative 
variations as we found in our measurements of 1. Of these, tbe chief w^ the 
adult length of tbe cell. If bairs of classified lengths were taken from a single 
seed tbe frequency curve was found to become much more skewed in the long 
hairs, and tbe Jjjn value was slightly increased (fig. 4). 

Tbe second was less striking in its effects, but far more remarkable in its 
nature. Using tbe rate of boll maturation {i.e., extension plus thickening) 
as a guide to tbe rate of length-extension of tbe hair, we found a strong hint of 
correlation ; amongst hairs of tbe same length tbe bair which had grown 
more slowly bad longer length intervals between reversals (fig. 6). The 
factor here seemed to be definitely recognisable as time, which juovoked the 
untenable suggestion that reversals were time-marks, indicating the 
time-dimension intervals for each cell independentiy. Iiater work 
evaluated this ostensible time factor more reasonably as a matter of chance 
operation. 

Still, however, we bad certain abnormalities m the dfetribution of Z, which 
became more striking as we examined abnormally short hrirs. Moreover, 
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Fig, 4. — Showing the effect of changes in hair-length upon the frequency distribution of L 
Measured to 0-01 mm. and plotted to the same, as class -interval. About 6,000 
measurements. 


Above : — ^Egyptian pure strain No. 77. One seed of field crop from Sudan. 

{a) Twenty hairs of 40 mm. length. L/w — 0«46. 

{h) Twenty hairs of 20 mm. length. L/w — 0*44. 

Below : — Sea Island pure strain V. 135. One seed of field crop from St. Vincent. 

(a) Ten hairs of 53 mm. length, h/n — 0*39. 

(b) Ten hairs of 47 mm. length. It/n — 0*39. 

(c) Ten hairs of 42 mm. length, h/n — 0-38. 

although our early measurements of Z, and la on ordinary lint hairs had shown 
no obvious differences in these two spirals, we found some dissimilarities in 
the shorter hairs, and, having recognised them, were able to find them, though 
noticeably, in our early data (fig. 3). Evidently the genesis of the dexter 
and sinister spirals was dissimilar ; and so, as our last resort in the method 
of inference to which we were limited, we turned to re-examination of the 
fuzz hairs. 


American Long Staple Upland 
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The Fuzz Hairs. 

Previons studies liad skown no definite and quafitative distinction between 
the long lint hairs and the short hairs which compose the velvety “ fuzz.” 
We therefore made the working assumption that a short fuzz hair, which may 
be less than a millimetre long, might-for our present purpose— be regarded as 
an arrested lint hair ; hence, by examining a series of all lengths, fuzz and Imt 
together, we might achieve the same result as if we had been able to take 
Samples of long lint hairs at all stages of length extension, and in their walls 
develop the “ latent image ” of the spiral structure. The assumption had 
evident weaknesses, but since we had ascertained that fuzz hairs sprouted at 
the same time as lint hairs, and also started secondary thickening at the same 
time, it was worth a trial. 

Growth in Length — considering the series of development stages 
obtained by regarding fuzz hairs (in respect to the spiral reversals) as samples 
of arrested normal lint hairs, we may advert to some relevant details. 

The growth curve of the hair, plotted as length against time, is sigmoid, 
beginning exponentially and subsequently brought to rest by a “ depressant 
factor.” At all stages the nucleus lies at about two-fifths of the distance 
from base to tip. The exact mode of growth is unknown, but something can 
be deduced from the fact that the hair when first sprouting obviously must 
grow at the tip. This tip growth cannot persist for long, because the final 
form of the hair is quickly attained at a length of a millimetre or two_. For 
example, if live turgid hairs of various lengths are measured, and the change 
in cell diameter from base to tip plotted as a “ profile diagram ” (figs. 6, 7), 
we find that while adult hairs of difierent species and varieties have diSerent 
profiles,* that profile is merely foreshortened in the young hairs. Exact 
demonstration of this foreshortening is almost impossible, but we have no 
doubt as to its general truth apart from the initial tip-growth (fig. 6) ; and 
from it follows the conclusion that either (a) the whole waU is mobile till 
length-growth is complete, or (b) that growth is intercalary, the intercalations 
happening discontinuously and at random in all parts of the hair. 

Since the hair may be 3,000 calibres long, and the nucleus position is roughly 
constimt, either supposition seems equally unhkdy. We have, however, 
carefully measured the profiles of some living turgid hairs during secondary 

* Heniy, Yves, “ Betemination de la Valeur Commerciale des Fibres du Coton ” 
{extrait de * T Agriculture Pratique des Pays Chauds ’), ' Bull, du Jardin Colonial et des 
Jardius d’Essai des Colonies,’ 
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tMckening and find that sudden changes in diameter are quite frequent, which 
strongly suggest that the tube has been patched with slightly over- or 




0 , — ^Average profiles of hairs of various lengths, showing the approximate constancy 
of cell diameter at varions relative positions along the hair, in all stages of cell-extension 
excepting the tip. 

Exemplified by hairs of various lengths drawn from the same boll of Brazilian 
American (greenhouse) and measured alive. Mean profiles from four 28-mm., three 
I 8 -mm., seven 5-mm. and seven 2-mm. (fuzz) hairs. (Compare with details of one 
l^yptian hair in fig. 7.) 



spiral structure and cell diameter, 

Egyptian Afifi (greenhouse). In four places the cell diameter cordd noft be measured 
accurately. Hand of spiral is mapped, the sinister portions cro6s4batoteL 
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imder^ized insertions (fig. 7). These occasionally coincide mth reversals. 
We the balance of evidence, experimental data bemg -unavailable, favours 
the interpretation that growth takes place by random intercalation. Occasional 
deformities, such as branches, dog-legs, -wHp-like tips, etc., indicate that no 
very rig id procedure is followed by the growing hair, and give further support 

to this -view. , . mi. 

The Predeminant Basal Spiral.-^e now tom to the fuzz-lmt senes. The 

mature fuzz hairs are readily examined, e.g., on sections of the seed coat, in 
such a way that their undamaged base can be clearly seen. We find that about 
94 per cent, of the fuzz hair bases have the same sinistral spiral. The exceptions 
seem to be real ; but these hairs with dextral bases show no other pomts of 
difference, and it might be that they also are sinistral for the first few microns 
only. In any case, nearly all the fuzz hairs, i£ not quite all, would seem to 

s-tart gro-wth by making a sinistral spiral (fig. 8). 

We have been at pains to attempt similar observations on the lint hairs ; 
but the uncertainty attaching to observations on the distorted bases thereof is 
too great. In a very limited number of fairly dependable hairs we were satisfied 

that almost all had again the same sinistral basal spiral. ■ 

Moreover, not only have the great majority of lint and fuzz hairs the same 
basal spiral, but this is sinistral in all the cottons we have examined, whether 
Sea Island, Indian, Egyptian or American. This difference in the genesis of 
the I, and 1^ frequency distribution fully acco-unts for the difference in their 
forms and for the fading of that difference as the hair grows longer (fig. 9). 

The Tip Spiral.— In contrast to the. basal spiral, the tip spiral may be of 
either hand. However, if attention be confined to the fuzz from a single seed, 
differences from another seed in the same boll may be detected. Thus, in two 
such seeds, one had a large excess of sinistral tips, the other of dextral tips 
(figs. 8, A and B). We interpret this to mean that the unkno-wn cause of 
reversal took effect on most of the population in the latter case while tip growth 
was still going on, but was delayed in the other until tip growth had ceased, 
and the reversed dextral spiral was consequently intercalated behind the tip, 
this itself remaining sinistral, being merely a fragment detached from the base. 

The Building of the Frequency Distribution.— 'W e are now in a position to infer 
the process by which our frequency curves of 7, and 7^ and I are built up. For 
simplicity’s sake, we -will disregard the 6 per cent, of hairs which start with a 
dexbral spiral base, merely noting that its presence blmrs the sharpness of the 
resul-fcs. We shall also res-tirict ourselves to groups of hairs -with the same 
adult length (fig. 9). 
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Wien tie iairs sprout an distribution is formed, momentarily symmetrical, 
but becoming skewed by tie first iair to siow a dextral reversal \ because such 
reversal arrests tie elongation of that particular \ unit, and further lengthening 
of that hair is confined for a time to tie dextral spiral. Thus we start to build 
also an distribution, whose form is generally similar to that of tie 1^ one, 
but which, having started later, must always lag behind the latter in subsequent 
changes of its form. 

The change in form which both these distributions must equally undergo, 
once tip growth has ceased, will evidently arise from three causes : — 

(а) Increasing length of the Z units by growth without reversal. This will 
tend merely to broaden the spread of the curve. Whether it makes for a 
symmetrical curve or a skewed'one is not quite clear. The answer would throw 
light on the growth mechanism ; we think it would be skewed. 

(б) Fragmentation of the I units by insertion of a reversal. First the basal I 

is fractured into two halves, usually unequal, by an inserted Z^. Then, at the 
next shift of the growing region, another fracture takes place, in any part of 
the hair, Z^ or We think the evidence indicates that growth alternates 
regularly between dexter and sinister ; but the elucidation of this from our 
data requires greater statistical skill than we possess. Even if we do not 
assume this, our third cause still follows. , 

(e) Addition of Z^ to Z^ will happen whenever dextral growth fractures a 
dextral spiral, and, conversely, for Z^ to Z^. There will be no structural indication 
of such an episode, but it is significant that the sudden changes of ceU diameter, 
which have been already mentioned (fig. 7), are at least as common in the middle 
of an Z^ or Z, as they are at the jimction between and Z^. Unfortunately, 
statistical study of this point seems impracticable. 

Thus the hypothetically symmetrical initial distribution is progressively 
altered. Increased length, first of Z^ and then of Z^, simply represents greater 
likelihood of fracture. Bach fracture of any one initial Z shifts the mode nearer 
to zero, and the newly intercalated portion similarly undergoes the same 
exposure to chance. Consequently, in very long hairs, the mode is dos^ to 
zero, and yet the long reversals are rather more common than in the shmcter 
hairs. There seems to be a general tendency to approximate tonP=K^ beyond 
half a millimetre. 

There are no consistent differences between differ^t parts of the adult 
hair in their I distribution, except a tendency to accumulate shorter on^ at 
the tip and the base of the hair. DiSerent sample have shown various 
characteristic distributions when the hair is divided, e-gr ., into tenths ; but 

'.m2 
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Fig. 8. — Showing the structure of individual fuzz hairs, which are arrayed in order of 
their length. The frequency distributions of 2, and I for these hairs are plotted in 
fig. 8. Sinister spirals are here shown by black lines, the dexter spirals being left 
blank. 

Pexter basal spirals are omitted, viz. : — 

Seed A. — 7 basal dexter in 123 hairs, or 6 per cent. 

Seed B, — ^3 basal dexter in 50 hairs, or 6 per cent. 

Comparing the two seeds for lengths under 3*3 mm., the number of dexter tip 
spirals is : — 

Seed A. — ^21 dexter tips in 85 hairs, or 25 per cent. 

Seed B. — 35 dexter tij» in 50 hairs, or 70 per cent. 




Fig. 9. — ^Frequency distributions in fuzz hairs of various lengths, to* show the growth 
and fracture of and Z,. Sinister spirals reach a temporary Tnaximum in 3-5 mmu 
hairs. Dexter spirals show a primaiy mode which moves to the right by growth, 
while a secondary mode is formed by fracture to the Mt of it in the 5-9 mm. hadrs. 
Scales and plotting are the same as in figs. 2, S and 4. The actual hairs shown in 
Fig. 8a. 

the variations, though recognisahle, are not str iking enough to ^ve evident 
in the absence of actual growth records. 

Constancy of Spired Angle at Retwsed, 

Perhaps the most strange peculiarily of these revensing sjarafe is se® 
when the pit spiral angle is measured {as projected in the |dane at 



144- 


W. L. Balls and H. A. Hancock. 


the cell axis) and plotted to stow its variation along tte tair. It varies quite 
appreciably around a modal value, tte correlation of this with cell diameter 
being about 0*2 only ; but these variations are smoothly sequential along the 
hair — and this, in spite of the complete reversal, say, from 30° dexter to 
30° sinister, which may happen anywhere (fig. 10). 

We have explored the possibility that these angular variations might be 
post-extension artifacts, but cannot find anything more than small corre- 
lations with cell diameter and wall thickness ; so it would seem that they are 
largely ori^al. Moreover, since stress in torsion would be the most likely 
cause of such, variation, we should expect the angles on either side of a reversal 
to have any initial difference exaggerated, not decreased, by such stresses. 



Eio. 10. — ^The Spiral Angle. — Showing changes in hand and angle of the pit spiral along 
15 mm. of one hair. The changes of the angle are independent of the reversals, and 
are only slightly connected with the changes in cell- diameter ; from 19* 4 to 24- 2 mm. 
the correlation coefficient for angle and diameter is 0* 18. In the plotting of angle 
and hand ” the bimodal grouping round 27® dexter or sinister is evident. 


The clue to the whole history of the spiral structure seems to reside in this 
reversal of hand without change of angle ; but we cannot interpret it without 
speculation, which, in the absence of direct observation on growing hairs, is 
mere hypothesis. 

The following observation, at present also inexplicable, will have to be fitted 
into the story eventually: — 

Collajpse B^esistance of Dexter and Sinister Spirals , — ^We have insisted on the 
fundamental importance, in any interpretation, of the fact that the optical 
axis follows the fibril, axis, thus indicating that the spiral can only have been 
generated by either (a) building along a spiral path ; or (6) by torsional dis- 
placement. An observation that the and units had different structural 
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properties in certain hairs seems to hint at the existence of difference in physio- 
logical history, even if it does not imply difference in molecnlar stracture. 

While re-examining some hairs which had been previously measured for their 
diameter while alive, and had then died in normal saline solution, we noticed 
that some portions had collapsed while others remained cylindrical ; the 
sturdy tubular portions were always dextral, the collapsed portions were of 
the same hand as the basal spiral, i.e., sinistraL Jsot many hairs have yet 
shown this phenomenon ; but, such as do, have all been strong in the dexter 
parts and weak in the sinister (fig. 11). 



Fig. 11. — Showing sinistral spiral collapsed while dextral renaaiDLS tubular. Same hair 
viewed {a) ordinary light, (6) elliptically polarised light. 


A Possible and Simple Cause of the Observed Phmom&m. 

We are dealing with individuals in a population, each individual having its 
own growth history. If we are right in regarding the spiral reversals as records 
of that history, no two hairs over 1 mm. long which we have yet examined 
have had the same history (e,g., fig. 1). Nutritional variation does not seem 
adequate as an explanation, since hairs growing in proximity to one another 
are in no way more unlike than those at opposite sides of the seed, nor is there 
any resemblance between the two arms of a branched hair. To take the 
elementary case of the first dexter reversal from the basal sinistral spiral, there 
must be a cause at work, since one seed may effect this reversal sooner than 
another ; but, even so, there seems to be a large residuum of purely chance 
effect. 

The statistical results we have noted *could be produced if there were 
mechanical interference of one hair with another. Assume that each ceE-tip 
rotates as it elongates, owing to spiral growth ; assume also that contact with 
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a neighbour, hindering that rotation, serves either as an obstruction from 
which the cell can only free itself by reversing its rotation, or as a contact 
stimulus producing a similar effect. The chances of such, mutual interference 
in such a writhing mass would be entirely random.*** 

This suggestion implies relationship to growth processes elsewhere. Thus, 
the postulated rotation of that part of the hair which is distal to the temporary 
growing region would seem to have some resemblance to nutation in multi- 
edlular organisms. Again, the postulate of spiral growth into a helix resembles 
the conception of a fundamental spiral in phyllotaxis, such minor fluctuations 
as we find in the pit spiral angle being due to the third dimension (length) 
of the helix. 

We are most diffident as to the validity of this hypothesis of mechanical 
interference ; and we advance it rather to provide a physical model than with 
any conviction of its truth. 

Tlie Geometry of the MeversaL — In the early” stages of our work we tested out a 
hypothesis that dexter and sinister were formed simultaneously, like a chevron ; 
but this chevron-hypothesis will not fit the facts. 

The Insertion of either hand of spiral into pre-existent wall might be due to a 

focussing ” of anabolic activity at one growth-centre if this growth-centre 
moved round the inner circumference of the cylindrical wall. Two possibilities 
then arise : — 

(a) It might rotate always in the same direction, counter-clockwise, but could 
build forward (distaUy) or backward (basally). This would produce a sinistral 
spiral in the forward direction, and conversely. 

(b) It might build always towards one end of the hair, e.gr., distally, but the 
direction of rotation of the growth-centre would change to clockwise when a 
dextral spiral was being pre-determined. 

Of th^e the first is the more likdy alternative. It only requires local dis- 
placement of the hair, and makes the hypothesis suggested in the previous 
section mechanically practicable. The piecing up of fibril to fibril presents 
no difficulties in either case, on the analogy of crystallization, new micellse or 
umt-ceUulose-aggregates being joined end to end at -their slip-spiral-surfaces. 

The Salient Pemlicurity of the Data , — ^We think our inferences may be trusted 
to the extent of regarding rotation in growth as a reality. If so, we are then 
confronted with the fundamental problem which these hair cells have to offer, 
namely, why have they no stable growth except by rotation ? An explanation 

* An average boll of Egjrptian cotton contains over 100,000 hairs, each 3 cm. long, in 
a space about 5 o.c. in volume. ^ 
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based on molecular structure bas only one shred of evidence to support it 
(fig. 11) and vritbout appealing to that structure a physiological interpretation 
would have little meaning. Experiments on the growing hair should eventually 
eliminate some of the other present possibilities ; and meanwhile we would only 
note that one of these transcends the limits of three-dimensional geometry. 


Summary. 

(а) The paper embodies selections from a mass of statistical data describing 
the dimensions and form of the spiral arrangements which occur in the cell 
wall of cotton hairs. 

(б) The spirals may be dexter or sinister, and their reversals are apparently 
predetermined during growth in length. Genetic and ordinary environmental 
influences do not affect the statistical peculiarities of the reversals. 

(c) The final adult length of the hair, and the time taken in reaching that 
length, do affect the reversal distribution. 

(d) Nearly all the seed hairs of Gossypium begin to grow on a sinistral spiral, 
i.e., the opposite hand to an ordinary screw thread. 

(e) This basal sinistral spiral increases in length, is broken up, and later 
additions may be made to its fragments. Similar extension, fragmentation 
and subsequent addition take place with the later dextral spiral. 

{/) The angle of the helix varies somewhat around two modal values, viz. 
approximately 27° dexter and 27° sinister. 

(gf) The local variations of the angular value are quite unaffected by inversion 
of the “ hand ” of the angle from dexter to sinister. 

(h) Dexter and sinister wall structures have been found in some hairs to have 
diSerent structural properties in their resistance to collapse after the death of 
the cell. 

(j) A tentative explanation of the causation of reversed is suggested ; but 
attention is directed to its insufiSciency and to the need for experimental 
evidence. 

We are indebted to the Eine-Gotton Spinners and Doublers Association for the 
resources of the greenhouse and microscope equipment with which this work 
has been done by us in their Experimental Department at BoUington. 
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A Spirometer Method of Studying Continuously the Gaseous 
Metabolism of Man during and after Exercise. 

By K. Furusawa. 

{Communicated by Prof. A. V. Hill, F.B.S. — ^Received September 21, 1925.) 
(Prom tbe Department of Physiology, University College, London.) 

^Tbe instruments generally employed for the investigation of the gaseous 
metabolism in man are divided into two classes, the closed and open circuit 
systems. Apparatus belonging to the former class is naturally not suitable for 
a study of rapidly altering gaseous exchange ; apparatus of the latter class 
involves the use either of a spirometer or of a bag for collecting the expired 
gases. A method employing a series of Douglas bags was devised by Campbell, 
Douglas and Hobson (1) to follow changes in the gaseous metabolism, and 
recently this method has been developed in a convenient way by A. V. Hill, 
Long, and Lupton (2). During rapid ventilation of the lungs the latter authors 
succeeded in obtaining reliable results by allowing as small an interval as 
10 seconds for the collection of a sample of the expired air, during the early 
period of recovery from severe exercise. In the present paper a method is 
described which obviates the necessity for a series of bags, and allows a con- 
tinuous determination to be made of the gaseous metabolism in man, during or 
after any kind of activity in which the subject does not move away from the 
apparatus. 

Principle of Method. 

In fig. 1 curve V denotes the total volume of the expired gas up to time t 
Suppose that a sample be taken at time and that the total volume of the 
expired gas up to that moment is V^. From the analysis of the sample and 
from the total volume of the expired gas we may calculate the amounts, of oxygen 
used and of COg expired by the subject during the time interval to^tn- By 
increasiug the number of samples taken we may make a continuous curve, if 
we please, of either (a) the percentage of oxygen in the total expired air up to 
any moment t ; (6) the percentage of COg in the total expired air ; (c) the total 
volume of oxygen used up to time t ; or (d) the total COg expired up to the same 
time. In fig. 1 the curve denoted by V represents the total volume of oxygen 
used. From the latter curve the oxygen consumption per unit of time at any 
given moment is obviously given by the slope of the tangent to the curve at 
that time. The oxygen used in any finite interval is immediately obtained by 
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subtracting tbe ordinates at the beginning and end of that interval. In fig. 1 
the broken line repr^ents the rate of oxygen intake obtained by measuring the 
slope of the curve F. In the examples given below, however, for the sake of 



Fig. 1, — ^Abscissa = time. Ordinate: curve V, total volume of expired gas; curve F, 
total volume of oxygen taken in ; broken curve rate of oxygen intake. 


simplicity, finite intervals are employed, and the mean value of the rate of 
oxygen intake calculated by dividing the total oxygen used during the interv^ 
by its duration. 


Descriptiofi of Ajypafotm. 

A spirometer of large capacity is employed. Fig. 2 is a photograph of the 



Fig. 2 , — Photograph of spirometer, showing inner and outer cylinders, fan motor, cap, 
sampling pipe, supporting feame and flexible wire. 
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top of the apparatus, showing the outer and the inner cylinders. A vertical 
section through the middle line is shown in fig. 3. 

The outer cylinder, standing on an iron base 20 cms. high, is of sheet iron 
galvanized on both sides. Its dimensions are : diameter, 85 cms. ; height, 

158 cms. ; capacity, 900 litres. It is 
filled with water up to 3 cms. from its 
upper edge. A hole is bored in the 
centre of the bottom, through which an 
iron pipe T for the expired gas enters 
the cylinder. 

The inner cylinder is of sheet copper 
and weighs about 25 kgs. Its dimen- 
sions are : diameter, 77 cms. ; height, 
155 cms. ; capacity, 700 litres. Its 
upper surface is dome-shaped with a 
slope at the edge of 20®. A small copper 
cap, 6 cms. high and 7 • 5 cms. in diameter, 
is fixed round a hole in the centre of the 
dome. This cap passes over the steel 
inlet pipe T and ensures that the dead 
space is small. The inner cylinder is 
supported by two steel bars B (one only 
shown in fig. 3), screwed to its side and 
crossing above its top. From this steel 
frame a flexible steel wire runs upwards, 
passes over a bicycle wheel fixed on the 

^ L l[l \ wall of the room near the ceiling, and is 

Fig. 3.— Diagram of spirometer. B, then connected to the counterweight W. 
steel frame; W, comiterweight ; T, 'W’ is about 0*7 kg. lighter than the inner 
pipe ; F. fen? t, dnun cock cylinder. The pressure exerted by this 

difference of weight on the inner surface 
of the copper cylinder is only about 0*4 gm. per sq. cm. 

The expired gas enters from the galvanized iron pipe T, which is connected 
at its outside end by a corrugated rubber tube to the mouthpiece. In order to 
allow for very rapid ventilation a tube of 2 • 5 cms. internal diameter was chosen. 
The top of the iron pipe is just inside the copper cap when the whole of the gas 
has been pushed out of the apparatus. The total dead space is about 1 • 7 litres, 
of which nearly all is in the pipe T. A small tap t is attached to the bottom of 
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the large pipe to let out water which has passed, either accidentally or by 
condensation, into the inside of the pipe. 

An essential feature of the whole apparatus is the maintenance of a constant 
composition of the gas throughout the inner cylinder. For this purpc^e a small 
fan F is fixed inside at the top of the copper cylinder. This is driven by a shaft 
running through an air-tight gland, by means of a motor placed above on one 
of the arms of the iron-supporting frame. A short length of rubber tube is 
used to connect the shaft of the motor to the shaft of the fan. By this means 
the necessity of extreme accuracy in alignment is avoided and friction between 
the shaft of the fan and the gland is kept as low as possible. This fan is run 
continuously during an experiment to keep the air inside the cylinder 
completely mixed. 

A small tube is let into the top of the dome to enable samples to be withdrawn . 

Sample Talcing and Volume Recording. 

To the short brass tube let into the top of the cylinder is fixed a thick rubber 
tube, 2 mms. in internal diameter and 2-5 metres long, through which samples 
of the expired gas are taken, A usual type •of sampling tube is employed, 
together with an evacuated glass bottle of about 200 c.c,, which is used to clear 
all gases from the dead space of the rubber tube (about 20 c.c.) before the sam|de 
proper is taken. This bottle is evacuated and connected to a side tube of the 
sampling tube. By turning the tap of the sampling tube, the gas inside the 
rubber pipe is drawn into the bottle and then, by a further turn of the tap, a 
pure sample of the gas in the cylinder is taken into the sampling tube. 

The volume of the expired gas is simply measured. A piece of board 18 urn. 
by 90 cm. is fixed on the wall, and along the board slides the counter-weight, 
which is used as an indicator of the volume. This board is marked in 10-litre 
divisions. For recording the volume of the expired gas as a jfoncticm of time, 
and also the moment of taking a sample, a simple electrical arrangement is 
employed. Each time that the upper edge of the indicator weight, W, passes a 
10 litres mark, and also at the moment when a sample is taken, the oteerver 
gives a signal : these signals are recorded on a revolving drum, and from the 
record a chart is afterwards constructed of the type shown in curve V of fig. 1. 

Examples. 

1. Basal value . — ^As was obvious, if the method be properly applied, the^ 
results agree with those deter mine d by the Douglas bag technique. Experi- 
ments were mad^ by both methods ^d the agreement was excellent. 
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2. Recovery phase— The spirometer was originally intended for use in the 
stndy of the later period of the recovery after exercise, when the ventilation was 
small. Actaally it is capable of following the whole process of recovery. The 
two examples shown in fig. 4 illustrate the use of the apparatus in following 
the recovery phase after muscular exertion. 

The two sets of points shown in fig. 4 agree closely with one another, and the 
resulting curve is exactly similar to the curves given by Hill, Long, and Lupton 



!Fici. 4. — Two experiments on recovery of subject A.C. standing-running for two 
minutes, speed 142 steps per minute. 

(2) and by Hill and Lupton (3). The method is obviously usable even when 
the ventilation is heavy. It has, moreover, one valuable property in studjdng 
the recovery process in man, namely, that the continuous record of the lung 
ventilation indicates approximately how the recovery is proceeding. In 
this sense it acts as though we put a gas meter of low resistance in the air 
circuit. 

3 . The initial phase of exe/rdse . — ^The oxygen intake from the beginning of exer- 
cise was studied by Hill and Lupton (3), and they found that in running the 
oxygen intake rises rapidly when the exercise is started, and attains a constant 
level, depending upon the severity of the exertion, some time after the second 
minute. This phenomenon also has been studied by the method described here 
for the case of “ standing-running.” The curves of fig. 5 show some of the obser- 
vations made on several different individuals : — Subject B. : speed, 140 steps 
per minute. Subject M.K. : speed, 180 steps per minute. Subject J. : speed, 
180 steps per minute. Subject C. : speed, 270 steps per minute. The lowest 
curve, representing very moderate exercise, reaches a constant level after one 
minute. At the intermediate speed, represented by the middle curve, two 
subjects of different nationalities gave identical results. This curve also shows 
a constant level higher than the first mentioned, which is attained during the 
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second minute. The highest curve was observed on a subject of good physique, 
moving at a speed which it was impossible for him to maintain for more than 



O i 2 

ItG. 5. — ^Bate of oxygen intake from the beginning of exercise : B, 140 steps 
minute ; M, K, and J, 180 steps per minute ; C, 270 steps per minute. 

two minutes. These curves are exactly similar in character to those given by 
Hill and Lupton. 

4. The whole pmoi of exercise. — ^Fig. 6 shows one set of results obtained on a 
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good quarter-mile ruimer, performing '"standing-running and followed througli- 
ont the whole period of exercis.e. The expired air was switched into the 
spirometer at the moment when exercise began. Samples were taken continually 
throughout exercise and recovery, and the expired gases were switched ofi 
agaip. only when recovery was nearly complete. The blank circles denote the 
osygen intake per minute, and the black dots the carbon dioxide expired per 
minute. Thus, it is possible to follow the rapidly altering gaseous exchanges 
of exercise in a single experiment, from its beginning to the end of recovery, 
provided only that the exercise is not of such severity that the spirometer is 
full before the recovery is complete. 

Summary, 

A new method is described of stud 3 dng continuously the rapidly altering 
gaseous metabolism of man during and after muscular exercise. A spirometer of 
large capacity is used, the gases inside it being kept continuously stirred, 
the total ventilation being measured every 10 litres, and samples being 
abstracted at intervals for analysis. Various examples are given. Results 
are obtained similar to those by other methods, but involving considerably 
less labour. 

It is my sincere desire to acknowledge my indebtedness to Prof. A. V. Hill, 
with whose kind advice and encouragement this method has been developed. 

The apparatus employed in this research has been purchased by Prof. A. V. 
Hill by means of a grant from the Medical Research Council. 
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Muscular Exercise, Lactic Acid, and the Supply and Utilisation 
of Oxygen. — Part XIIL The Gaseous Exchanges of Restricted 
Muscular Exercise in Man. 

By E. PuBUSAWA, 

(Commumcated by Prof. A. V. Hill, P.R.S. — Eeceived September 21, 1925.) 

(Prom the Department of Physiology, TJniver^ty College, London.) 

The type of exercise studied in former papers of this seri^ involves the 
activity of the body as a whole. The characteristic of all such forms of 
exercise is the free and vigorous movement of nearly all the muscles in the 
body. Since nearly all the muscles were in activity and behaving in a similar 
way it was more easy to compare their behaviour with that of an isolated 
muscle, and in previous papers it has been sho^ta how closely the phenomena 
of muscular exercise in the body as a whole resemble those accompanying 
severe exercise in the isolated muscle. 

As far as concerns the observations described in the succeeding pages, the 
most pertinent conclusions of the former papers are ^ follows : (1) Provided 
that the exercise was not too severe, there occurred what has been called a 
steady state, in which recovery balanced breakdown in a manner analogous 
to "ftat shown by Pletcher to occur in isolated frog’s muscle ; (2) in severe 
exercise a considerable proportion of the energy employed is derived, not 
from contemporary oxidation, but by lactic acid formation on what may be 
called a ** credit ” of oxygen secured on the oxidation occurring in the recovery 
process later ; (3) the most severe exercise can be maintained only for about 
30 seconds, which corresponds to the time when the lactic acid concentration 
in the active muscle, as measured by the magnitude of the oxygen debt, may 
reach a value of about 0-3 per cent., the maximum value found to occur in 
the isolated frog’s muscle. 

In the present paper a form of restricted exercise has been studied, to 
compare its effects with those of severe general exercise of the tjrpe of “ sending 
running.” The mass of the muscles used in this type of exercise is small, 
so that we may find the infl.uence of the resting muscles on the active onm. 
The speed can be changed from very slow to the highest possible, as in 
standing running.” In order to fulfil th^e conditions a simple eigometer 
was devised, which involves the muscle only of the arms smd shoulders. The 
expired gases were usually treated in a manner similar to that d^cribed in 
VOL. xcrx. — N 
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previous sections of tHs series. In some of tte later experiments, however, 
the spirometer described in the preceding paper was used, 

Ergomet&r. 

Use was made of a simple spring ergometer, having a pair of wooden levers 
which are moved backwards and forwards by the hands, and a pair of powerful 
steel springs attached to the levers. Fig. 1 represents a side elevation of this 
machine. The weight of the subject, together with that of the working parts 



Fia. 1. — Spring ergometer. L, levers (two, one only shown) ; T, stool ; S, steel springs ; 
fi, fg, hnffers faced with rubber tube ; F, foot rest. 

of the apparatus, is taken by a massive wooden frame, 140 cms. in length 
and 44-5 cms. in breadth. The lever L is 130*5 cms. long, and is fixed by 
a hinge to the wooden frame at a point a 81 cms. from the rear end — ^that is, 
the right in the figure. The lower, part (84 cms.) of this lever consists of a 
block of wood 7 cms. square, while the upper part is cylindrical and 3*7 cms. 
in diameter. The spring S has a coil 3*1 cms. in diameter and 13*5 cms. in 
length (unstretched). It is made of steel wire 3*0 mm. thick, and finishes in 
a loop at each end. One of the loops is connected to a hook fixed on the lever 
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at h 33 cms. from a, while the other end is attached to another hook at the 
end of an iron bar c, passing through a hole bored in a massive wooden block M 
fixed on the front of the frame. The tension of the spring is adjusted by a 
wing-nut on the iron bar c. The range of movement of the two levers L is 
determined by two pairs of wooden arms attached to the top of M and to 
the stool T. Each arm has a buffer / of stout rubber tube, to mitigate the 
impact when the lever strikes the head of the arm. T is a simple laboratory 

stool 56 cms. high, screwed to the wooden frame. F is used as a foot-rest for 
the subject. 

The experiment is carried out as Mows : The subject rests on the chair 
for 10 to 20 minutes, a basal value being then taken if required. The exercise 
consists of pulling the levers backwards and forwards alternately, the right 
arm puffing the lever forward, while the left arm aUows it to return, and 
vvse versa. By this means, apart from a small torque on the trunk and a 
certain rigidity of the abdominal and back muscles, activity is limited 

to the arms and shoulders, and fulfils the conditions of restricted exercise 
discussed above. 


Work Done. 

In order to calculate the amount of work done by the arms it is necessary 
to know the tension developed when the spring is stretched. . Two points 
d amd e are fixed on the lever and on the iron bar c respectively. Fig. 2 shows 
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tlie tension t developed in tlie spring as a function of tlie distance between 
A and e, wMcIl is denoted by L The force is measured at a fixed point on tlie 
lever, whicli is tke centre of tbe force applied by tbe band of the subject. From 
fig. 2 it is obvious tbat Hooke’s law can be applied to tbe calculation. The 
work may be calculated from tbe formula : 



where and denote tbe distances between A and e wben tbe position of tbe 
lever is at^/;iL f% respectively. Tbe relation between t and I is given empiri- 
cally by tbe formula : 

Z = 1 *72^ + 23 (kg. cm. units). 

From this we find tbe equation : 

W = iXl*72 

Oxygen Requirement 

In preceding papers of tbis series tbe oxygen requirement of standing 
running ” and flat running bave been studied as a function of speed (1). Tbe 
oxygen requirement follows a simple curve concave upwards, approaching a 
certain limit ing speed almost asymptotically. These curves gave tbe oxygen 
requirement per minute for tbe exercise considered. Tbe oxygen requirement 
for 100 steps is not constant therefore, but increases with tbe speed, since a 
constant oxygen requirement per 100 steps would imply an oxygen requirement 
per minute rising uniformly with tbe speed and not on a curve concave upwards. 
More and more energy therefore is used in such kinds of exercise as tbe speed 
increases, and there is no optimal speed. In running on tbe flat and in 
“ standing running ” we are dealing with a type of exercise in which there is 
no external load, tbe whole effort is used in accelerating tbe parts of tbe body 
itself. In tbe present case, however, tbe conditions are different : there is 
an external load independent of tbe speed, and an optimal speed exists. 

Tbe study of tbe oxygen requirement has been made in two separate cases : 
one involves constant tension at varying speed, tbe other constant speed at 
varying tension. Table I shows tbe results obtained in tbe former case. Tbe 
work done in each stroke is 2*41 kg.-metres. 

Tbe first two columns show tbe average values of (i) tbe basal oxygen intake 
and (ii) tbe basal COg output, measured both before exercise and after recovery ; 
tbe third column gives tbe speed, varying over a very wide range, from 12 
strokes per minute (wben one complete movement of each arm occupies 10 
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Table I* — Constant Tension and Vaiying Speed. 


Basal value: 

Cubic centimetres 
per minute. 

Speed : 

1 Number of 
strokes 
per minute. 

Duration 
of exercise : 
Minntes. 

Time of 
collection : 
Minutes. 

Excess oxygen 
used per 100 
strokes : 

Cubic centimetre. 

0,. 

1 CO 2 . 

222 

181 

12 

4-59 

21 

2,290 

245 

216 

81 

1-23 

18 

1,421 

227 

171 

100 

1*08 

15 

1,297 

227 

193 

135 

I'll 

20 


227 

196 

160 

0-63 

15 

1 1,023 

258 


200 

0*50 

15 


215 

173 

232 

0-60 

20 

1,059 

230 

182 

268 

0-52 

23 


211 

175 


0-34 


1,878 

234 

190 


0*38 

20 I 

2,165 

271 

205 

12 

5*00 

16 

3,666 

289 

232 

140 

0*85 

22 

1,318 

296 

248 

290 

0*41 

33-5 

2,644 


seconds) to 290 strokes per minute (when 0 • 42 second only is used in completing 
the double stroke of eacb arm). Tbe fouxti column gives tbe duration of tbe 
exercise, wHck at the highest speed is necessarily very short since the effort 
involved is extremely exhausting. Column 6 shows the time of collection of the 
expired gases, covering both exercise and recovery. Colunm 6 gives the 
amount of oxygen required, in excess of basal, to carry out 100 complete 
strokes, that is 50 with each arm. The figures in thm column are shown 
graphically in figs. 3 and 4. Fig. 3 gives the oxygen requirement for 100 strokes 



Fig. 3. — Oxygen required per io8 stroke as a function of ^>eed ; load constant. 


















160 


K. Furusawa. 


as a function of the speed, that is of the number of strokes per minute. Fig. 4 
gives the oxygen requirement per minute as a function of the speed, and also 
the oxygen intake. We shall refer to the latter later. 



Fm. 4. — Upper CTirve, oxygen required per minute ; lower curve, oxygen intake per minute 
after a suitable fore-period of exercise (see Table III) ; load constant. 

Fig. 3 shows very clearly the extremely uneconomical nature of a movement 
which is. either very slow or very rapid. The oxygen requirement per 100 
strokes decreases at first as the speed increases, and reaches a certain minimum 
value, at which about half as much oxygen is used as at 12 strokes per minute. 
The oxygen requirement then increases gradually as the speed further increases, 
and later more rapidly, attaining a very high value at the maximum speed of 
290 strokes per minute. In Table I the first ten results refer to the subject 
K.F,, the laat three to the subject B.A., whp is a practised sculler. The latter 
subject shows the phenomenon even more str ikin gly than the former. 

It is interesting to compare fig. 4 with the curves given in a previous paper 
(1) for the cases of running and standing running.’’ There the curves were 
concave upwards throughout their course ; here it is initially convex and finally 
concave, the point of inflexion of the curve corresponding to the optimal speed. 
The S-shape of the oxygen requirement curve of fig. 4 is a sign of the existence 
of an optimal speed. This does not occur in exercise of the type of running 
or standing tunning,” where there is no external load independent of the 
speed of movement. 

If we assume that the relative- ejBEciency of the ^muscular exercise can be 
e 25 )ressed as the reciprocal of the oxygen used to perform a given amount of 
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works tken we may calculate a curve of efficiency in this particular exercise 
which is similar to that obtained by Lupton (2) for the case of stair^climbing. 
Lnpton found the optimum to occur when a single contraction occupied about 
1^3 second. In the case investigated here the optimum speed is considerably 
higher, namely, that at which each arm completes 100 movements every 
minute. The cause of this dilfference is not known ; possibly it is due to the 
fact that in the type of exercise investigated here lengthening of the muscle 
as well as shortening takes place under a load. 

The case of variable load at constant speed also has been investigated. The 
constant speed employed was 142 strokes per minute, not very far from the 
optimum, and the load was varied by changing the tension in the spring. The 
results are given in Table II. 


Table II.— Constant Speed and Varying Tension. 


Basal value: 

Cubic centimetres 
per minute. 

t 

Duration 
of exercise; 
Seconds. 

i 

Time of 
collection : 
Minutes. 

Oxygen re- 
quirement per 
100 strokes: 
Cubic 

centimetres. 

Work doim 
in each stroke : 
Kg. cm. 

0,. 

COa. 

210 

166 

84 

15 

199 

0*0 

247 

201 

42 

10 

232 

0-0 

221 

191 

84 

20 I 

616 

130 

198 

161 

42 . 1 

15 

690 

147 

220 

— 

42 

15 

1,005 

156 

206 

167 

42 1 

17 1 

850 

165 

221 

189 1 

84 1 

30 ! 

1,015 

170 


197 1 

. 42 

15 j 

797 

170 

240 


42 f 

18 1 

662 

192 

241 

194 

42 : 

16 

1,064 

224 

229 

183 

42 

15 

835 

224 

2S4 

192 

42 

1 

15 

1.190 

241 


The first four columns explain themselves ; the fifth column is the oxygen 
requirement per 100 strokes, and the last colunan shows the work done by the 
arms in each stroke. Kg. 5 gives the oxygen requirement per 100 stroke as 



Feg. 5. — Oxygen required per tOO stroll, at constant speed but variable l(M.d- 
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a function of the work done. If we subtract the oxygen requirement of moving 
the arms at the given speed without load, we may conclude from fig. 6 that 
the efficiency of muscular movement in this particular type of exercise is 
constant at the value of ,14 per cent, approximately, and independent of the 
amount of work donel Thus, although there is an optimal speed, there is no 
optimal load, the efficiency for a given speed being independent of the load. 

The absolute value of the efficiency, namely, 14 per cent., is low compared 
with the results obtained by other investigators on other types of exercise,* 
in spite of the fact that the subject was working at a speed not far from the 
optimal. This fact may, no doubt, be attributed to the nature of the ergo- 
meter employed, in which the effort of the muscle in absorbing work during 
the return stroke is entirely wasted so far as a determination of the efficiency 
goes. 

Oxygen Intake and Oxygen Debt 

The oxygen intake curve of exercise involving most of the muscles of the 
body, such as running or standing running,” rises at once when the exercise 
is started, and reaches a steady state usually in about two minutes or less. 
The oxygen intake, once the steady state is attained, corresponds closely to 
the oxygen requirement provided that the exercise is well within the capacity 
of the individual concerned. 


Table III. — Oxygen Intake and Speed. 


Speed: Number 
of strokes per 
lilinute, 

Fbreperiod 
of exercise ; 
Minutes. 

Time of col- 
lection : 
Minutes. 

Ventilation : 
Litres per 
minute. 

Oxygen intake : 
Cubic centimetres 
per minute. 

50 

5*0 

1-0 

21-7 

811 

102 

2-5 

1*0 

28-5 

1,106 

116 

2-5 

1*0 

34*0 

1.220 

200 

3<0 

2*0 

46-7 

1,631 

214 

2-0 

1*0 

57*8 

1,734 

290 

2-0 

1-0 1 

66*0 

2,013 


In Table III. the values of the oxygen intake are given for the ergometer 
exercise, usually after two to three minutes of previous exertion. These values 
are those plotted in fig. 4, and referred to above. It is here that there is a 
divergence between the oxygen requirement, and the oxygen intake, even for 
quite moderate exercise. It would seem, therefore, that the foreperiod of 
exercise allowed, 2 to 3 minutes, is not adequate to allow the true oxygen 
intake, correspondiug to the exercise, to be attained, so that in this respect the 
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exercise differs from that of a general nature such as running. This possi- 
bility was tested directly, as shown in fig. 6, and found to be the case. 


C.C. 





@ 









itnrorss 



!Fig. 6. — ^Rate of oxygen intake starting from the beginning of work ; lowest curve very 
moderate exercise; upper curves more severe exercise. (For time relations 
compare fig. 5 of preceding paper.) 


In very moderate exercise, represented by the lowest curve, the oxygen 
intake attained a steady state in about 3 minutes. In the upper curves, 
however, the state of affairs is different; they continue to rise even after 
6 minutes. This characteristic of the oxygen intake suggested that this type 
of exercise might cause a large oxygen debt, if continued long enough, which 
might be comparable to that resulting from exercise of the body as a whole. 
Table IV. shows some observations made at a speed of 180 strokes per minute, 
the work done in each stroke being 2-24 kgm. metres. 


Table IV.^ — Oxygen Debt and Duration of Exercise. 


Basal V 
CuMo eeutimetri 

0, 

alue : 

Bs per minute. 

COa 

Buration 
of exercise : 
Minutes. 

Time of 
collection : 
Minutes. 

Oxygen debt : 
Cubic 

centimetres. 

253 

208 

1-5 

29-5 

1,335 

233 

206 

3-0 

45-0 

3,835 

251 

221 

3-0 

40 0 

4,686 

233 

200 

1 4-0 

60-0 

5,892 

266 

225 

5-0 • 

60-0 

8,431 


From the last column of this table it is clear that the oxygen debt increases 
as the duration of the exercise increases, attaining a value of 8-5 lifares after 
5 minutes of exercise. 

These apparently anomalous facts, the dow rise of the oxygen intake and the 
large oxygen debt corresponding to exercise. of only a few muscles, has prob- 
ably quite a simple explanation, one, however, which is of the greatest 
importance in the general physiology of muscular exercise. If we may suppose 
that when only a few muscles of the body are in extremely active movement. 
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a part of the lactic acid formed in them is carried by the blood stream away 
to other parts of the body, e.g., to the resting muscles and the liver, we have a 
complete explanation of the phenomena discussed above. In the restmg muscles 
and the liver the lactic acid formed in the active muscles may presumably be 
eliminated by a process similar to that occurring in an active muscle. The 
inWpretation of the results given above is strongly supported by the observa- 
tions of Meyerhof (3), who has found that the resting isolated muscle has a 
capacity to transform lactates in the Ringer’s solution around it to glycogen 
inside it. It is also confirmed by the observations of Barr, Himwich and 
Green (4), who found that in the strenuous exercise of one localised group of 
muscles the venous blood going to resting muscles might contain more lactic 
acid than the arterial blood. 

In the case of the restricted exercise studied here the oxygen intake cannot 
rise very far because the oxygen supply to the active muscles is necessarily 
limited by the amount of blood which can be brought to them through the 
circulation. This oxygen, when the exercise is very severe, is in no way 
adequate to the needs of the muscles ; they liberate lactic acid far in excess 
of any power of restoring it to glycogen which they themselves possess. The 
lactic acid, therefore, begins to accumulate within them, but under its concen- 
tration gradient it rapidly passes into the blood stream and is carried round 
the body. From the blood it passes into other organs, which then commence 
the oxidative restoration of the lactic acid to glycogen, so that the oxygen 
intake gradually rises, as the lactic acid formed in the active muscles is trans- 
ferred for removal to different parts of the body. The process presumably can 
go on until the whole of the lactic acid precursor in the active muscles has been 
used up and transformed, partly into COg and water, but mainly into glycogen 
in other tissues of the body. It would be very interesting to study this type 
of muscular exhaustion. It is quite different from any of which we are aware 
in the body as a whole, 

A brief calculation reveals an interesting confirmation of this point of view. 
The following table shows the results obtained on two subjects carrying out 


1 

Subject : 

Speed : 
Kumber of 
strokes per 
minute. 

Bodv ■weight : 
Kg. 

Maximal 
duration of 
exercise : 
Seconds. 

1 

Weight of 
muscle used : 
Kg. 

Oxygen 
requirement 
per 100 strokes : 
Cubic 

centimetres. 

R.A 

290 

65 

24 

7*67 

2,644 

2,165 

K.F 

290 

47 

23 

5*6 
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the same number of strokes of very severe exercise at the same speed. In the 
last column is given the extra oxygen used to carry out the exercise, which 
was so severe that neither subject could continue it any longer than the 23 
or 24 seconds shown in column 4. Presumably the exercise had to terminate 
because the lactic acid had accumulated to its fatigue maximum in the 
active muscle. If we assume that 1 litre of oxygen debt corresponds to 7 gms. 
of lactic present in the muscle at the end of exercise, and that the fatigue 
maximum is 0*3 per cent., then the weight of the muscles used may be 
calculated as shown in column 5. The ratio of the body-weight of the 
two subjects is 1 *38, and that of the active muscles, as calculated in colu^nn 5, 
is 1*37. The agreement su^ests that we are approximately correct in our 
calculation of the mass of the active muscles of K.F., for this type of 
exercise, as being 5*6 kg. An oxygen debt of 8*4 litres, however, requires 
about 19*5 kg. of muscle to accommodate lactic acid in 0 *3 per cent, solution. 
This means that exercise at 180 strokes per minute prolonged for 5 minutes 
involves the saturation to the fatigue maximum of 34 times as much muscle 
as is used during the exercise. Actually, of course, the lactic acid corre- 
sponding to the oxygen debt is probably distributed over all the tissues of the 
body, and the fatigue maximum is not attained in any of them except those 
which are actually working. It is striking, however, to find that quite severe 
general fatigue might be produced in the human body by violent exercise 
involving only such a small fraction of its total musculature. 


Sumumry, 

1. The gaseous metabolism has been studied for a type of exercise involving 
only a limited amount of the musculature of the human body. 

2. For this purpose a simple ergometer, capable of being worked at any speed 
by the arms, has been constructed. 

3. The oxygen required to perform a given amount of work varies with the 
speed at which the work is done. There is a marked optimal speed. 

4. On the other hand, with constant speed and varying load, the oxygen 
requirement rises as a linear function of the work done, and there is no optimal 
load. 

5. The oxygen intake rises much more slowly to its maximum value than it 
does in the case of exercise involving most of the muscles of the body, e.g,, 
running or standing running.’’ The oxygen intake may be still rising rapidly 
after 6 minutes of exercise. 
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6. Corresponding to this the oxygen requirement curve diverges at quite low 
speeds from the oxygen intake curve, while a large oxygen debt may be set up 
by a few minutes’ exercise involving only a small fraction of the total muscu- 
lature of the body. 

7. These facts indicate that the lactic acid produced in excess by violent 
activity of a localised group of muscles may diffuse from them into the blood, 
and thence to other parts of the body, particularly the resting muscles and the 
liver, and there be removed or restored to glycogen, under the influence of 
oxidation occurring in those other tissues. 

8. There would appear, therefore, to be the possibility of a type of exhaustion 
due to complete using up of the lactic acid precursor, when the exercise involved 
is localised in a small group of muscles. The function of the circulation in 
distributing the fatigue product, lactic acid, to other organs of the body which 
are themselves at rest would seem to be an extremely important one from the 
point of view of the vigorous activity of local groups of muscle. 

In conclusion it is a great pleasure to express my heartiest thanks to Prof. 
A. V. Hill for his suggestion of these experiments, and for encouragement given 
to me during their conduct: 

The expenses of this research have been borne in large part by a grant, placed at my 
disposal through Prof. A. V. Hill, by the Medical Research Council. 
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Muscular Exercise, Lactic Acid, and the Supply and Utilisation 
of Oxygen. — Part XIV. The Relation in Man between the 
Oxygen Intalce during Exercise and the Lactic Acid Content 
of the Muscles. 

By C. F. H. Long.* 

(Gommiinicated by Prof. A. V. Hill, F.R.S. — ^Received October 8, 1925.) 

(From tlie Department of Physiology, University College, London.) 

Introduction. 

Hartree and A. V- Hill (1) have shown in the isolated fr<^’s muscle that 
the maximum rate of the recovery heat-production is proportional to the 
square of the total initial heat liberated by the stimulus. This relation has 
been amply confirmed by Hartree, in experiments hitherto unpublished on the 
isolated muscle of the tortoise. Hartree and Hill concluded that the speed of 
the recovery oxidation is at any moment proportional to the square of the 
concentration of the reacting bodies present at that moment, and suggested 
tibiat a bimolecular reaction of some kind, possibly involving two lactic acid 
molecules, might be the determining agent in the velocity of the recovery 
oxidation. Up to the present it has not been shown that any substance 
other than lactic acid and oxygen are directly concerned in the recovery 
process in muscle, so the above relationship can be put in terms of these 
substances. Expressed in a formula, 

(rate of oxidation) oc (rate of lactic acid removal) = h (concentration 

of lactic acid)2, 

where Jk is a velocity constant. 

In a recent paper Meyerhof, Lohmann and Meier (2) have shown that isolated 
frog’s muscle perfused by, or suspended in, an oxygenated Ringer’s solution 
containing sodium lactate will cause a diminution in the amount of lactate in 
the perfusing fluid, with an uptake of oxygen and a synthesis of glycogen. In 
these experiments it was obvious that the lactate ion was the determining 
factor in exciting the oxidation by which the energy was supplied to effect 
the synthesis of the glycogen. Moreover, as Hartr^ and Hill have shown (3), 
a rise of hydrogen ion concentration alone do^ not increase, but rather 

Working on bekaK of the Industrial Fatigue Board, Medical Reseamh Oouneii, to whom 
also I am indebted for a grant for apparatus. 
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decrea&es, the speed of the recovery process in muscle. It seemed obvious, 
therefore, that the lactate ion itself was to be regarded as the governing factor 
in the speed of oxidation. 

In the experiments to be described I have attempted to show that the same 
relation holds good in man. The oxygen intake during a steady state of 
exercise has been taken as a measure of the rate of lactic acid removal, and the 
lactic acid content of the blood plasma as being equal to the lactic acid 
concentration in the fibres. For the latter assumption to be justifiable it is 
necessary that the body should be in a steady state of exercise, the effort 
involved having been continued a sufficiently long time for that state to have 
been reached. The absolute size of the oxygen intake will vary with the 
degree of effort involved, and for each different value of the rate of oxygen 
intake there should he a definite value of the lactic acid concentration in the 
muscle, the relation between the two being such that an increase in the 
oxygen intake is accompanied by an increase in the lactic acid concentration, 
not directly proportional to the oxygen intake, however, but only to its square 
root. 


Methods, 

AU these experiments were performed on healthy young men. The exercise 
has been either walking or standing running at different speeds, except in one 
experiment, where the subject (a Marathon runner) was engaged in a training 
run of 16 miles. In every case the subject was in a steady state — that is, lactic 
acid formation was balanced by lactic acid removal, so that the lactic acid in 
the blood had attained a constant concentration. It is essential that this should 
be so, for otherwise, if the oxygen supply were inadequate, the lactic acid would 
accumulate in the muscle and appear in excess in the blood. Values up to 
0 • 2 per cent, have been recorded (4) in the blood of subjects after severe exercise , 
whereas, if the subjects are in a steady state of exercise, the lactic acid concen- 
tration of the blood should never exceed about 0*06 per cent. 

To ensure that the suhjebts were in a steady state, and that the lactic acid 
concentration of their blood plasma approximated more or less to that in the 
muscle, the exercise in all experiments was continued for son;Le 20 to 30 minutes. 
Before commencing, the subject’s resting respiratory exchange was measured by 
the Douglas bag method, and a sample of blood withdrawn from a vein in his 
arm. He then commenced the exercise and continued it for 20 minutes or more. 
His respiratory exchange during exercise was then determined by collecting 
his expired gases in a small Douglas bag which he had previously carried in his 
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hand. Immediately after this the second blood sample was taken. The lactic 
acid was estimated by Clausen’s method (6). 

Results. 

It is necessary to apply certain corrections to the lactic acid concentrations 
observed. Firstly, the lactic acid content of the whole blood is not the same as 
that of blood plasma. It has been shown (4) that the ratio of the content in 
the plasma to that in the whole blood is 1-28. Furthermore, I have found (5) 
that only two-thirds of the lactic acid content of the resting blood as measured 
is actually lactic acid itself, the rest being other substances, which yield bisul- 
phite binding compounds on oxidation- To determine, therefore, the true lactic 
acid concentration of the blood at rest one-third of the value given by Clausen’s 
method must be subtracted, and to convert the remainder into the true value 
for the blood plasma this corrected value has then been multiplied by 1-28. 
In the case of the lactic acid concentration of the blood during exercise we 
have to assume that the quantity of substances, other than lactic acid, which 
are estimated as lactic acid, is unchanged as the result of exercise. The sub- 
stances responsible for the error are probably chiefly amino acids and phenols, 
and it seems reasonable to assume that large variations in the quantities of these 
bodi^ will not occur as a consequence of what, in the majority of experiments, 
is only mild exercise. The exercise lactic acid has been corrected therefore by 
the same absolute amount as the resting lactic acid, and the remainder has 
been multiplied as before by 1*28 to obtain the lactic acid content of the 
plasma. While we know that the blood plasma itseK is not in actual contact 
with the muscle fibr^, yet after a long period of steady exercise its lactic acid 
content must approach that of the lymph which is. 

Thirteen experiments have been performed on eight difierent subjects : the 
results are given in Table I below. In all the experiments, except No. 5, the 
agreement between the measured relative increase of the lactic acid content 
of the blood plasma, and the relative increase as calculated by the square 
root from the relative increase in oxygen intake, is fairly good. In jExperi- 
ment 5 the lactic acid content of the plasma is far too great for the degree of 
exercise which was being performed . It would seem that some error of unknown 
origin crept into this estimation. 

The results are best expressed graphically. In thediagram (p. 171) the relative 
increase in the lactic acid content of the plasma has been plotted against 
the relative increase in the oxygen intake. Along with the oteerved points two 
theoretical curves have been drawn : the broken line expresses the relation. 
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Table 1. 


Subject aud exercise • 
performed. 

Resting 

oxygen 

intake 

t 

I 

Oxygen 

intake 

during 

Relative 

increase 

in 

Corrected lactic 
acid in blood 
plasma 

(mgms./lOO c.c.). 

Relative 
increase in' 
lactic acid. 

c.c./min. 

e.c./min. 

oxygen 

intake. 

Rest. 

During 

exercise. 

Meas- 

ured. 

Calcu- 

lated. 

(1) C.N.H.L. Standing run- 
ning at 156 s.p.m. for 45 
min. 

287 

2038 ' 

i 

7*10 

17*0 

33-6 ! 

1*98 

2-66 

(2) .C.IT.H.L. Walking at 
4'1 m.p.h. for 30 min. 

294 

2340 

7*96 

12-9 

40*0 

3*11 

2*82 

(3) CJ^.H.L. Walking at 
3-5 m.p.h. for 30 min. 

269 

1660 

6*17 

15*6 

36*0 

2-30 

2*49 

(4) C.N.H.L. Walking at 

3 »5 m.p.h. for 30 min. j 

249 

1155 

4*64 

17*9 

37-9 

2-12 

2*16 

(5) aN.H.L. Walking at 
4*1 m.p.h. for 30 min. 

* 282 

1241 

4*40 

18*3 

66 •5(?) 

3*64 

2*10 

(6) J.C.H. Walking at 3*3 
m.p.h. for 20 min. 

285 

906 

3*18 

27*6 

38-5 

1-40 

1*78 

(7) J.C.H. Walking at 3*3 
m.p.h. for 30 min. 

244 

1695 

6*55 

17*4 

40-0 

2*30 

2*56 

(8) A.C.K. Standing run- 
ning at 180 s.p.m. for 24 
min. 

324 

1670 

5*15 

14*0 

28*3 

2-02 

2*27 

(9) B. Standing running 
at 185 s.p.m. for 31 min. 

352 

1 

1352 

3*86 

19*7 

36*7 

1-86 

1*96 

(10) K.I’. Walking at 3*7 
m.p.h. for 32 min. 

263 

1170 

4*45 

14*9 

36*2 

2-43 

2 -n 

I 

(11) S.S. Walking at 3*6 
m.p.h. for 80 min. ! 

312 

1250 

4*00 

20*1 

43-0 

2-14 

2*00 

(12) P.E. Walking at 4*5 
m.p.h. for 25 min. 

253 

2060 

8*15 

16*6 

38*5 

2-47 

2*86 

(13) M.B.B. Bunning at 
Sf m.p.h. for 100 min. 

321 

3165 

9*85 

17*9 

70*0 

3-81 

3-14 


Note. — s.p.niu^ = steps per roinute ; m.p.h. = miles per hour. 


wHch. would exist between these two quantities if one were proportional to 
■die other — ^that is, if the recovery process were governed by a monomolecular 
re^^tion, with the formula 

(o:g^gen intake) oc (rate of lactic acid removal) == h (concentration of 

lactic acid). 

The full curve shows the relation which would be found if "the oxygen intake 
varied as the square of the lactic acid concentration, according to the formula 
on p. 167 above. It is clear that the relation established experimentally 
between the oxygen intake and the lactic acid concentration is of the second 
type. The observed poin'ts fit the full curve in the figure quite reasonably 
well, when due account is taken of the relatively large errors which must 
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necessarily affect snck experiments as tkese. This result is in complete 
agreement with that found by Hartree and Bill for the case of isolated muscle 
recovering from a single stimulus. 



Experimental observations shown by circles. Broken curve is the theoretical relatk>n 
for a monomolecular reaction. Full curve is that for a bimolecular reaction. 

Discussion. 

If this relation be a true one, then it follows that in the recovery process in 
muscle lactic acid plays the important part of a “ governor of oxidation.’’ 
This term is employed from the analogy of a steam engine, where a centrifugal 
governor, in which the centrifugal force varies as the square of the velocity, 
regulates the rate at which energy is allowed to be liberated. Up to a certain 
limit the greater the rate of formation of lactic acid the faster will be the rate 
at which it is removed, the upper limit of the rate of removal being set by the 
maximum oxygen intake of the subject. In the absence of an adequate supply 
of oxygen, lactic acid will accumulate in amounts far in excess of that required 
for the maximum oxygen utilization of the muscle. In normal men the oxygen 
intake may increase — at any rate, in athletic subjecl^ — about 161im^, e.g., from 
^50 c.c. to 4000 c.c. per minute. Corresponding to this there will have to be 
a fourfold increase in the lactic acid content of the muscles or blood plasma, 
e.g., from 0*02 to 0*08 gms. per 100 c.c. The maximum concentration of 
lactic acid that can be attained in human muscles as the r^ult of violent 
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1 yO ^ 

w nf oxvaen— that is, when the effort 
exercise in the absence of a far higher than this, being 

exceeds that corresponding to a 7 can go 

. .ve ..e. « 

Trr;STr;ns-::j“ru^. 

recovery process, thrae ex^r nature of the process will probably come 

JHiither knowledge of the m xelation found 

^ tK»e 

is that corresponding to a b . , . ^ccnr in the re-synthesis of 

«:daa«« »d the seriee.ie 0. a 

crbohytote tom ^rttolai ctomge *l>ich imposes its 

bimolecular nature, and it will be this pa 
own order of reaction on the whole senes. 

Summary- 

(1) Eqierimeiitslmvelieeiiperfoim^!imen^«tto^^',^^y^ 
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Iflirodmtion, 

In our previous communications on this subject we tave described experi- 
ments dealing with the micro-injection of indicators into single cells. In tbe 
conclusion to our paper (10a) on tbe pH and rH of tbe Amoeba, we said, “ It is 
hoped that other biological data will soon be available . . . such proMems 
as the . . . oxidation-reduction potentials of egg-cells before and after 
fertilisation at once present themselves.” The present paper is devoted to 
these problems. ^ 

Warburg (17) and Meyerhof (8), and afterwards .other observed 

an enormous increase in the oxygen-consumption of the to place on 
fertilisation. Shearer (12) found that this occurred at the monmt of cont^t 
of the spermatozoon with the membrane. In view dE tike fact tibat liie 

d 2 
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increase was about 2000 per cent., it was clearly a matter of great interest 
to determine whether the rH changed at the same time. We have attempted 
to follow the changes in fH by micro-injection experiments and by staining. 
The two methods failed to give concordant results for reasons which are 
discuss^ in the text. 


Geneeal Methods. 

1. The Injection Technique. 

The micro-manipulator apparatus and micro-injection method applicable 
to AmoixB^ were discussed in our preceding paper. All that is needed here, 
therefore, is an account of the modifications called for when marine eggs are 
used. For the preparation of the micro-pipettes, a spirit lamp, having only one 
strand of wick passing down through a thick glass tube, was used. With this 
we obtained a distinctly higher proportion of good pipettes than when the 
hypodermic syringe gas-burner was being used. 

The actual process of injection of such an egg as that of Paracentrotus Uvidm 
differs materially from that used for the amoeba. In the case of the latter 
the procedure was to bring the amoeba over the micro-pipette, raise the pipette 
so that it entered the amoeba, turn the screw of the injection syringe a very 
little so as to make the injection and then withdraw the pipette. The egg, 
on the other hand, is not nearly so large nor is it possessed of so extensible a 
membrane. It is very much more fragile and only a small internal pressure 
is required to burst it. It was centred over the pipette, and the screw of the 
injection syringe then turned so as to make a pressure of dye at the tip of the 
micro-pipette great enough to force some out into a liquid, but not sufficiently 
great to force it out into the air. Then the micro-pipette was raised right into 
the egg, the injection made automatically and the pipette rapidly lowered. 
It is obvious that for this method there must be only a very thin layer of water 
underneath the egg, between it and the micro-pipette. We found, as a matter 
of fact, that the eggs were kept beautifully in place by the surface tension of 
an exceedingly thin film of water. We shall mention again the importance 
of th^. 

It is, however, not always *easy to inject unfertilised eggs. The eggs of 
sea-urchins and of Ophiura gave no special difficulty, but the eggs of Asterias 
resemble a mass of porridge enclosed in a weak rubber envelope. If one tries 
to inject these eggs with- a blunt pipette, the pipette as it rises causes an inden- 
tation which can be carried right up to the coverslip. Then the two sides of 
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tte egg join so as to form an object exactly like a quoit, and in the centre hole 
a certain quantity of dye remains when the pipette is withdrawn. To the 
inexperienced oteerver this might appear to be a vacuole. This phenomenon 
may also happen with sea-urchin eggs, but it occurs frequently with those of 
Asterias, The eggs of Ascidia are an altogether different matter, being sur- 
rounded not only with a membrane, but also with a coat of tiny cells. This 
can easily be pierced with a sharply-pointed micro-pipette, but it gives con- 
siderable strength to the whole affair. The eggs of Sdbellaria are only about 
one-fifth the size of those of Asterias and they possess exceedingly firm 
membranes. 

But once fertilisation has taken place and the fertilisation membrane has 
risen, there are greater difficulties : then for good injections it is absolutely 
essential to have a pipette which is finely pointed, tapering rapidly, and sharp 
at the tip. Otherwise, the membrane visibly wrinkles in and no injection 
is made. We found it convenient to have large numbers of cells on one 
coverslip, since they can be had in greater abundance than can amoetee, and 
consequently, it is quite a usual thing for 100 to 150 eggs to be injected on one 
coverslip with one naicro-pipette. 

The importance of having an exceedingly thin layer of water supporting 
the cells on the under surface of the coverslip by its surface tension cannot 
be over-emphasised. It is on the one hand essential for the injection procedure 
described above, and also important from a colorimetric point of view. The 
layer of water, though probably about three-quarters the thickness of the 

m 

between the eggs, must be very thin indeed actually below them, and 
therefore any colour which escapes into it must be in so thin a layer as to be 
invisible, A striking demonstration of this is seen if some concentrated dye 
be allowed to escape from the micro-pipette into one of the spac^ between 
the eggs ; a number of colourless can then- be seen standing out on a 
deep blue background. 

It is important not to let the sea-water on the coverslip containing the 
become at all concentrated. Dyes are at once precipitated in crystals if this 
is allowed to occur, and although the fitrst injection may be aH right the 
pipette will surely be blocked at the tip with crystals before a second one 
can be done. 

In the filling of the micro-pipette the following procedure was found useful. 
When it is impossible to avoid very minute particte m tibe sdbtion of dye, 
the pipette can be brought up into the drop of dye r%ht agsdnst the coverslip, 
so that it bends slightly. The microscope st^ is now moved slowly in an 
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oppc^ite directioiLj so tliat tlie pipette end describes a patb exactly like that 
of the antenna of a tramcar on the overhead system. At the same time a 
gentle and continuous suction is applied to the injection S 3 aringe. Particles 
are drawn towards the mouth of the micro-pipette, but as it is travelling as 
fast as they are they do not go in. By this means it is often possible to get 
a clear injection-liquid under unfavourable circumstances. 

There are various other points which are worth noting. Sometimes it is 
useful to follow the su^estion of Tschaotine (14) — ^that is, to have the pointer 
in the eyepiece directed to the spot where the micro-pipette is going to appear. 
When a large number of eggs are to be injected at once, this saves the time 
taken in focussing up and down to find the pipette point below the coverslip. 
Sometimes, as in cases where the dye which is being used stains the cell and 
obscures the results of micro-injection, the pipette may be brought up beside 
the injected cell and any dye which has escaped into the drop may be sucked 
back into the pipette. Or the pipette may be used as a needle, and with it 
the injected cell may be pushed away from the neighbourhood of the escaped 
dye. Also a stream of colourless sea-water may be made to flow past the cells 
with the same end in view. There are occasions also in which a wide-mouthed 
l^pette may be of service. When it is desired to observe the effects of a very 
slow injection, a wide-mouthed pipette with sharp edges may be chosen and 
the dye brought to a low pressure at the tip of it. If then it is brought 
up against the bottom of the cell, so as to cause a deep indentation, it is 
found that very tiny cuts are made in the membrane round the part 
where the pipette is, and through these small amounts of dye leak into the 
interior. 

The exact degree of injury caused by the actual piercing of the egg-membrane 
by the needle is a matter worthy of some consideration. It is important, 
because the method of micro-injection gives different results from certain other 
methods which have been employed to measure the of the cell-interior, 
and everything depends on the amount of injury which the method causes to 
the cell. Here it is worth-while mentioning the results of some experiments 
with Asterias eggs which were undertaken for another purpose. A considerable 
number (190 unfertilised and 130 fertilised) were injected with brom-cresol 
purple. The pipette was a good one, but the syringe was not working at its 
best, with the result that many of the e^s were pricked by the pipette as 
many as five or six times before an actual injection was made. In spite of 
this fact there was never any difference in the colour which this indicator 
took up when it did get in. It was always purple. Kow since injury and 



177 


Micro-Injection Study on Marine Eggs. 

cjrtolysis invariably produce a burst of acidity, this meant that the pricking 
had not injured the cell, and that egg-ceUs could therefore be compared k 
amoebae, which, as we showed in our previous paper, were quite unharmed by 
pricking. We shall return to this question when we come to consider the 
effects of cytolysis on the internal pH of egg-cells, and the work of Vlfe and 
his collaborators with the method of micro-compression (15, 16). 

Explosions seemed to occur more rarely with eggs than with amoebae, and 
appeared to be due to some obscure type of mechanical injury, for they took 
place with all dyes indiscriminately. 

We used throughout a Watson holoscopic eyepiece x 10, and as objective 
either a Leitz 6*3 mm. or a Spencer 4*0 mm. Our Leitz double-eyepiece had 
magnification of 0. In certain cases we found dark-ground illumination to be 
very helpful. This was especially the case with the eggs of SabeUariUj which, 
unlike aU the others we worked with, contained a considerable amount of 
dark granular material obscuring the colours. Here, if out of a field of eg^ 
some were injected with No. 6 and the light shut off, the eggs stood out 
like blue and white counters. This technique allowed us to see whether 
the dyes were reduced or not in th^e eggs. We checked it on more 
transparent eggs of known behaviour, such as those of Asterias, and found 
that we obtained the same results as with transmitted light. 

In all cases eggs were injected in sea-water at pH 8*4, unless otherwise 
stated. 

2. The Indicators. 

The indicators which we used for measuring the pH of the cell-interior need 
little comment. Our specimens of brom-thjmol blue, brom-cresol purple, 
methyl red, and brom-phenol blue w^ere all manufactured by British Drug Houses, 
while our neutral red was a pre-war specimen of Griibler’s make. The con- 
centrations which we used were as follows : 0 - 8 per cent, for brom-thymol bine, 
1 per cent, for brom-cresol purple, 0-2 per cent, for neutral r^, and for 
methyl red as strong an aqueous solution as could be obtained. . 

The oxidation-reduction potential indicators, however, merit lon^r descrip- 
tion. In our work on the amoeba, we used only sodium 1-naphtiol, 2-milpho- 
nate indophenol, a specimen of which was made for us by British Drag Hous^, 
and it wiU be remembered that by good chance the rH of the amoeba fell within 
the range of this indicator. Since then, however, we have been supjdied 
through the great kindness of Prof. Mansfield Clark, of Washington, with eight 
other indicators of the rH scale, whc^e names are as follows in Table I and whose 
positions are set out on the appended diagram. 
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O 25 50 75 ^ REDUCTION 



1. Potassium indigotine disulptonate. 

2. Potassium indigotine trisxilplionate. 

3. Potassium indigotine tetrasulphonate. 

4. l-Napktliol 2’SuIpliomc acid, 2, 6-dicliloro-indop]ienol. 

5. l-Naphthol 2-sulplionic acid indophenol. 

6. o-cresol, 2, 6-dicliloro-indoplienol, 

7. o-cresol indoplienol. 

8. 2, 6-dibromo-plienol indophenoL 

9. o-cliloro-plienol indoplienoL 

3a. Metbylene blue. 

It will be noted that each of these indicators has been given a number ; it 
is by these numbers that they will hereafter be referred to. They are arranged 
in the figure to show their reduction curves and their positions on the electrode 
potential scale at pH 7-0. 
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We do not propose to repeat in this commnmcation an exposition of the 
meaning of the term rH and the significance of oxidation-reduction potential in 
general ; we would refer in this connection to our preceding papers (10a and h) 
and to those of Clark and his collaborators (1, 2, 3, 4). We need only say here 
that by observing which of these indicators are reduced in the cell and which 
are not, we are enabled to calculate its oxidation-reduction potential if we 
know its pH, 

Needless to say, the validity of the calculation rests upon the a^umption 
that the fundamental conception of oxidation-reduction potential can be applied 
to the systems of the living cell. At the present time there is no general agree- 
ment as regards the physical chemistry of the reduction electrode, but on any 
theory Clark’s oxidation-reduction indicators must fall upon a scale. Their 
behaviour in the cell must therefore be a matter of permanent importance, in 
whatever way it may be interpreted and in whatever terminology it may be 
expressed. Whichever of the present theories of reduction potential, if any, 
ultimately turns out to be applicable to the oxidation-reduction sytems in the 
cell, the experimental facts reported here will always require an explanation. 
At pr^ent they may be conveniently described in terms of rH. 

The indicators for injection were used in solutions of approximately 1 per 
cent- . 

It would be legitimate criticism of our experiments to say that these con- 
centrations and those of the pH indicators were too high to give valid results. 
The only answer to this objection is the simple one that if weaker indicators are 
used, nothing whatever can be seen under the microscope, so that the defect, if 
it be one, is inherent in the method. It cannot be said that dyes of such high 
concentration fail to show under certain conditions a pH or rH virage, because 
with indicator equally strong in the micro-test-tubes we could observe rmder 
the microscope a perfect gradation of colour, owing to the thinn^ of the layer 
and the strength of the light. This virage may not be identical with that seen 
in dilute solutions, but as the tint in the cell is compared directly with ihat in 
the micro-test-tube, this last objection has no weight. 

The effect of sunlight on these rH indicators is considerable, dark (1) warns 
investigators about this, and in our experience it is certainly fatal to work with 
solutions of the indicators which have been left standing, especially in sunlight. 
Our practice was to make up very small amounts of them as they were requii^d 
by grinding them with water in a watch-glass, using the phnger of an old 
hypodermic syringe as a pestle. When this was done om i^ults were always 
consistent, but we found that although noimd quite Mfed 
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to reduce Nos, 2 and 3 when freshly made up, yet these indicators were 
reduced with ease when a solution which had been standing in the sunlight was 
injected. 

In connection with the process of colour-comparison, it must be remembered 
that in practically every case the Leitz double eyepiece was employed, so that 
two ol^ervers noted and compared the colours. Micro-test-tubes, as described 
in our previous paper, were made up whenever delicate comparisons seemed 
necessary. 

3. The Material. 

The fertilisation of the Paracentrotus eggs was easily accomplished, since the 
spermatozoa are actively motile in the white liquid which escapes from the 
teased tetes. This is not the case with the spermatozoa of Asterias however, 
and these have to be artificially activated by adding to a weak suspension some 
0-3 N soda (2 drops to half a watch-glassful). 

The eggs of Paracentrotus and Echinocardium were obtained by the method of 
stimulating the ripe ovaries in situ after opening the urchin and placing it over a 
beaker of sea-water. The eggs of Asterias and Ophiura were obtained by remov- 
ing the ripe ovaries into a little sea-water where they spontaneously exuded. 
Ascidia eggs appear to be ripe in the oviduct only, so they were taken straight 
from there. Sabelhrm eggs were easily obtained by allowing the ripe worm to 
lay them spontaneously in a watch-glass. 


Experimental Eesults. 


A. Staining Experimmts. 


Before proceeding to the micro-injection of our various indicators, we thought 
it well to study their effect when used in the ordinary method of vital staining. 
Paracentrotus eggs were chosen, as the material for this, and in the accompanying 
table are shown the results. The eggs were placed in sea- water at pH 8*4 
containing a few droj^ of the indicator and left there for 30 minutes. It was' 
found that the pH indicators did not penetrate these cells ; brom-thymol blue, 
for example, only coloured the protoplasm green when the egg was obviously 
in a disintegrating condition. 


Table II. 


Neutral red 

1. Pota^ium indigotine disulphonate 

2. Potassium indigotine trisulphonate 


Unfertilised 

eggs. 

Pink. 

No staining. 
No staining. 


Fertilised 

eggs. 

Deep pink. 
No staining. 
No staining. 
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Table II — (contd). 




Unfertilised 

Fertilised 



eggs. 

eg^ts. 

3. 

Potassium iadigotine tetrasulphonate 

No staining. 

No staining. 

4. 

l-naphthol-2-sodium sulphonate, 2, 6-di- 




chloroindophenol 

No staining. 

No staining. 

6. 

l-naphthol-2-sodium sulphonate indophenol 

No staining. 

^No staining. 

6. 

o-cresol, 2, 6-dichloro indophenol 

About 10 per 

About 10 per 



cent, stained 

cent, stained 



bluish-grey. 

bluish-grey. 

7. 

o-cresol indophenol 

All stained. 

All stained. 

8. 

2, 6-dibromo-phenol indophenol 

All stained. 

All stained. 

9. 

o-chloro-phenol indophenol 

All stained. 

All stained. 


This table is in many respects interesting. The pink vital stain produced by 
neutral red is, of course, well known. But what is remarkable is that a rapid 
change-over occurs between Nos. 5 and 7. Above that point no colour is seen 
in the cells ; below that point all the cells are coloured. In view of the fact 
that this change does not occur at the pmction between the indigos and 
indophenols it might sound plausible to say that the reason why Nos-. 1 and 5 
did not stain was not a difierence in permeability of the cells to the different 
dyes, but t^cause they had been reduced by the cell interior, while Nos. 6 to 9 
had not. Unfortunately, however, a glance at the table suffices to show that 
they are arranged in order of ascending, not descending, electrode potential. 
The extraordinary conclusion follows that the cells have been able to reduce 
those dyes most difficult to reduce, but have failed to alter the easier ones. 
Obviously another method is needed to test so curious a result. Happily in 
this case we pc^sess the method of micro-injection. 

B. Determination of the Internal pH by Micfo-lnjedim. 

The results obtained with the different types of egg are summarised in 
Table III. 

Paracentrotus lividus — UnfertUisei. 

The first dye to be injected into these cells was neutral red. It i^rmeated 
the cytoplasm and produced a distinct pink colour, cmri^pcmding to a pH 
less than 7-2, If some were allowed to «cape into the drop at the same time 
as the injection, the pink egg could be well seen steading out against a back- 
ground of yellow. If, however, the sea-water was fee fittest degree con- 



182 


Dr. and Mrs. Needham. 


centrateds the dye was precipitated in the form of red needle-like crystals. In 
no case was cytolysis ol^erved with this dye ; the cells seemed to tolerate its 
pr^ence exceedingly well. 

Table III. 



Neutral 

red. 

Brom- 

thymol 

blue. 

Brom- 

cresol 

purple. 

Methyl 

red. 

Brom- 

phenol 

blue. 

Result pH. 

PamceTtfyrotiis limdua (un- 

Pink 

Yellow 

Purple 

YeUow 

Violet- 

6-6 

±0-1 

fertilised) 

FarmeisJtr^^us Umdm (fer- 

Pink 

Yellow 

Purple 

' 

blue 

6'6 

±0-1 

tilised) 






6-6 


McMmxardium cordatum 

— 

Yellow 

Purple 

— 

— 

±0-1 

(tmfertilised) 

glackhis (unferti- 

_ 

YeUow 

Purple 

I 



6*6 

±0*1 

lised) 








(fertilised) 

— 

Yellow 

Purple 

— 

— 

6-6 

±0-1 

Ophiufa heerioaa (unferti- 

— i 

Oreenish- 

Purple : 

— 

— 

6*76 ±0-1 

lised) 

Asddia meninia (unferti- 


yeUow 
YeUow i 

Purple 





6-6 

±0-1 

lised) 








Sh^dlaria aiveolata (unfer- 

— 

YeUow 

Purple j 

— 

— 

6-6 

±0-1 

tilised) 








The injection of this indicator, as also that of methylene blue, was found to 
be a matter of great difficulty because it coagulated the gelatinous envelope 
which surrounds the egg before fertilisation. If the pipette does not pierce the 
cell membrane the first time, the orifice usually becomes blocked by a plug of 
coagulated jelly deeply stained by the dye. Consequently our injections with 
this indicator are few and do not exceed 20-25 eggs, whereas with every other 
indicator the number is anything from 50 to 250. 

The next indicator to be injected was hrom-thymol blue. It was made yeUow 
in the pipette corresponding to a pH of 6 • 7 or less and injected into a considerable 
number of eggs. In the drop it naturally turned blue as soon as it left the 
pipette, but in the egg it remained perfectly yellow. When the dye was made 
blue in the pipette and then injected the results were exactly the same. The 
pipette end could be seen in the cell and in its immediate neighbourhood the 
dye was blue, but wherever it came into contact with the protoplasm it took 
on a yeUowish-green appearance corresponding to pH 6*4 to 6-8. When the 
pipette was withdrawn the whole egg looked yellowish-green, and if too much 
had been injected after about a minute cytolysis would take place, not explo- 
sively, but by a gentle streaming-out of the egg contents through holes in 
the membrane. 

Brom-cresol purple was next investigated. The first attempt was with the 
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dye red in the pipette, about pH 6*0. On entering the cell it at once took on a 
very obvious purple colour, almost a deep mauve. This was very important 
as it fixed the cell as not being more acid than 6 • 4. Experiments were continued 
with the indicator both purple and yellow in the pipette. In every case the 
results were the same. The colour in the cell was mauve, and lasted usually 
from 30 to 50 seconds. Its definiteness and its transience are best expr^ed 
by calling it a purple puff.” The phenomenon was invariably seen, although 
an exceedingly large number of eggs were injected. If the egg was carefully 
observed at the moment of injection, the dye could be seen to change colour 
from yellow to purple immediately it left the orifice of the pipette, and then if 
attention was directed to the periphery of the cell or of the coloured part of 
the cell, it could be seen that after a certain time the edges of the purple area 
became green or greenish-yellow. Steadily this would spread until, as the last 
of the purple colour was disappearing, the whole cell would cytolyse completely. 
Experiment showed that this could be hastened artificially. If, immediately 
the injection was completed, the pipette was again brought into the cell and 
used as a micro-needle to tear the cell to pieces, it was seen that wherever 
injury had been produced there the purple would turn to green. The general 
rule that cytolysis is associated with the production of acid is well exemplified 
by the cytolysis of these eggs. 

If these experiments were performed in ordinary sea water, it was often found 
on returning to the field of former exploits, that many, if not all, of the injected 
^d cytolysed cells had again gone bright bluish-purple, although when last 
seen they had been greenish-yellow. The explanation of this was found when 
cells were plac^ in sea- water containing brom-cresol purple (purple, of course, 
because the pH was 8-4) and the cells then tom with a micro-needle. The 
injured parts at first went green, but if watched soon became purple. Then, 
if the same experiment was repeated in sea-water which had been brought to a 
pH of 6*0, it was seen that, although the cytolysed and tom cells went giemi, 
yet they never turned blue or purple afterwards. So that the suheaquent 
change from yellowish-green to purple is one which must be put down to the 
alkalinity of the sea-water acting upon the dead organism. This pdnt is of 
importance in view of other researches in this field mentioned in the ^neral 
discussion. 

Another exceedingly important point which emerges &om these experimmite 
with sea-water at pH 6 *0 is that, although the were slowed to stay in it 
for an hour and a half, yet they gave perfectly normal reaction at the end of 
that time. Excellent purple puffs with brom-cresol aod a yellow cdiour 
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with bromthymol blue were nniformly observed. The conclusion must be 
that a change in the yH of the external environment of 2 • 4 units of yH does not 
produce changes in that of the internal environment greater than yH 0’2. 
But this subject is in itseK a separate study and we did not pursue it further. 

In the acid water the brom-cresol purple was yellow, so that after the injection 
the cell stood out purple against a yellow background. By the method of 
micro-tot-tubes we were able to find that the mauve tint inside the cell corre- 
sponded to a yH of from 6 • 55 to 6 • 75, while the greenish-yellow tint of cytolysis 
was yH 5-75 or below. 

To fix the yH of cytolysis further work was necessary. So methyl red was 
injected, and, although for reasons of solubility it had to be injected rather 
weaker than the other indicators, it nevertheless showed itself to be yellow in 
the cell and to turn pink when cytolysis came about, whether naturally or by 
injury with a micro-needle. Consequently, the yH of the uninjured cell must 
be above 6*0 and that of cytolysis at least as low as 5 • 0. Whether it was lower 
remained uncertain. Brom-phenol blue was then injected. In the pipette it 
was yellow, in the drop it was violet, but in the cell it was always deep violet- 
blue and did not change at all on C 3 rtx>lysis. The blue protoplasm was dragged 
about on a naicro-needle and generally maltreated, but could never be got to 

in 

show any other colour except violet-blue. 

As the general conclusion, therefore, it seems clear that though below yH 5*0 
the acidity of cytolysis is certainly above 4-0. Much further work would 
be needed to fix it exactly, but as this was not our problem, we proceeded to 
study the effect of fertilisation upon the internal yH of the cells. 

Paracentrotus lividus — Fertilised, 

As will be seen from Table III the colours resembled those of the unfertilised 
eggs in every way. Eggs were injected not only immediately after fertilisation 
but also when the fertilisation membrane was well developed, at the beginning, 
middle, and end of the first cleavage, and in the two and four cell stages. 
Throughout the later periods we were especially on the look-out for jhythmic 
alterations of yH which might have been associated with the many rhythmic 
changes known to occur at that time (c/., Herlant, 7 ; Spaulding, 13 ; Faur6- 
Fremiet, 6). We never observed the smallest indication, however, of such 
rhythmic changes, and we believe that if any such changes exist they cannot 
exceed yH ± 0-20. 

The spindle and its associated structures could not be observed when indi* 
cators had been injected ; they seemed to obscure it, ‘We did not observe 
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any localisation of special colours, eitlier here or at any other time in our work, 
and we conclude that the cell has a very uniform pH. The experiment vdth 
the acid sea-water, lowing that the final alkaline change is due to the alka- 
linity of normal sea-water, we repeated on the fertilised eg^ with the same 
resulfo as before. The injection of the two-cell stage produced interesting 
results. One cell would be injected, would show purple, and then would 
cytolyse and go green — ah this time its brother would remain unaffected and 
at the conclusion of the cycle could be injected in its turn. 

Finally, we investigated the eight-cell stage. Here just the same results 
were found. The purple puff vras always seen, and in one case seven out of 
the eight cells were injected in succession, each one showing the characteristic 
cycle. 

The intercellular fluid of the late stages was also investigated. At the 
sixteen-cell stage brom-thymol blue showed blue if injected between the cells ; 
which come apart, leaving an intervening space. The same result is obtained 
if injections are made into the blastoccele cavity. We consider that the 
liquid which fills it is certainly more ajkaline that pH 7*3, but as this was a 
separate study, we did no further experiments upon it. It would be inter^t- 
ing to know how its pH changes with changes in the pH of the environment. 

The general conclusion, therefore, is that as the unfertilised cells ^ve an 
internal pH of 6*6, so do the fertilised ones. In this e^ fertilisation brin^ 
about no change in the internal pH greater than ±0-2. 


Ediinocardium Gordatum, 

Of all the eggs which we investigated those of Echinocardium were the b^t, 
considered as material for micro-injection. They. were absolutely transpaimt, 
and only suffer from the disadvantage that the animal itself refuses to Eve in 
captivity and has to be caught fresh every time its eggs are needed. Some 
unripe eggs were injected, in certain cases into the cytoplasm, in others into 
the nucleus. The nucleus in the latter* type took on a blue colour, which it 
retained for a long time even after the cytoplasm had cytoljrsed and tie egg 
gone green. The effect looked Eke a stain and we draw no conclimoiis from 
it. If the injection was made into the cytoplasm the purple puff was seen 
as usual. 

Asterias Ghcialis — UnfertUisei, 

The eggs of Asterias seemed to be more resistant than smy ^gs previously 
tried, so that the purple colour was deddedly mmo lasttug- 
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Asterias Gladalis — Fertilised. 

As Table III shows, fertilisation makes no difierence at all. These very 
large eggs permitted the observation that in the immediate vicinity of the 
micro-pipette brom-thymol blue was blue, not yet having been changed, then 
in the outspreading ring there was a thin zone of greenish-yellow, and, finally, 
the dye in immediate contact with the protoplasm was quite yellow. Brom- 
cresol purple behaved as usual, and fertilised developing eggs in all stages up 
to that of four-celts gave the purple puff. This was specially •well seen in one 
experiment where a very weak sperm suspension was used so that only 50 per 
cent, of the eggs were fertilised. In this way a direct comparison could be 
made, and on this one coverslip 190 unfertilised and 130 fertilised eggs were 
injected in succession. Not the slightest difference in colour was perceptible. 
Like the unfertilised ones, the fertilised ones were often very Tesistent to 
cytolysis and retained the purple colour for a considerable time. 

If the dye was injected into the nucleus, of an unripe cell, for example, 
the nucleus turned bluish-purple and remained so till after the cytolysis of 
the cell. This might be taken to mean that the nucleus possessed a pK of 
rather under 6*5. If cells in process of dividing into two were injected, the 
dye ran at once through the isthmus and both became coloured . This happened 
even at a very constricted stage. Another important observation was made 
with the fertilised eggs of Asterias. If fertilisation is carried out -with a rather 
concentrated sperm suspension and the eggs are afterwards left for a time 
in conditions of bad oxygenation, many abnormal forms make their appear- 
ance. Undivided eg^ protrude bulbs of protoplasm within their fertilisation 
membrane, three-ceU stages occur, and some eggs may break down into a 
number of separate spheres of protoplasm. Types of all these morphologically 
degenerating cells were injected with brom-cresol purple, and although a very 
large number (about 180) were examined, it was found that hardly any gave 
any variation in the internal p'K. One or two extreme cases of spontaneous 
cytolysis showed a green colour at o;ace when brom-cresol purple was injected 
into them, but the rest, whatever fantastic shapes their asphyxia had caused 
them to assume, always showed the purple colour. We consider that this 
observation is of considerable theoretical importance and we shall return to 
it in the general discussion. 


OpTiiura Lacertosa. 

Whether because they are surrounded by a membrane of uncommon 
r^is'feance, or for some other reason, the eggs of Ophiura certainly do not 
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cyfcolyse easily with pS. indicators. They were the most resistant of all onr 
«ggs. 

Table III shows that brom-thymol blue, blue or yellow in the pipette, 
immediately took on a green or yehowish-green colour in the cett interior. 
Although certainly not blue it appeared to indicate a slightly higher pS. than 
that of the three preceding egg-ceUs, but not more so than 0 • 2 pH. So resistent 
were these eggs that the purple colour of brom-cresol purple frequently persisted 
for five minutes. 

Asddia Mmtula, 

When brom-thymol blue is injected through the coat of test cells and into 
the egg-cell itself a perfectly definite yellow colour is seen exactly similar 
to that observed in ParaceMrc^us or Asterias, When brom-cresol purple is 
injected the immediate purple pujff is also seen as is also the subsequent turning 
to greenish-yeUow on cytolysis. Cytolysis here is always internal cytolysis — 
the membrane never breaks — ^but all the same the green changes to bluish- 
purple, owing to the alkalinity of the drop, if ordinary Asddia are 
placed in a drop of sea-water coloured with brom-cresol purple they stand out 
in it like perfectly transparent golf balls, and normally never stain. But if 
they are injured by tearing with a micro-needle they go at first green and then 
quickly purple aU over. The |kin cells never stain. 

Sajbdlaria Alveolata, 

With this egg, as was pointed out in the section on technique, dark-ground 
ittumination was used. In this way it was postible to see brom-thymol blue 
yellow in the ceH from the instant it left the orifice of the micro-jupette. With 
the dark ground the ceUs stood out like yellow and white counters on a Wack 
ground, and as one injection after another was made, ceH after cdil would go 
yellow, although the colour in the micro-pipette was known to be blue. 

Additional confirmation of our figure for the internal pH of these was 
obtained thus. As soon as No, 7 was injected it went red. Thisdemoirtrates 
that the pH must be at least more acid than 8 *5, since at that pdnt the change 
from blue to red occurs with this indicator. This is important in vfew of 
previous work on the eggs of Sabdlaria to which we lefi^ in the 
discussions. ^ 

We may sum up this section, then, by saying that all the ©elfe we studio 
have an internal pH of 6-6, or in its veiy jimx n^hbowhood. The only 
exception is Opihvwra lacertosay which is TIis 'm a whote umt pH 
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more acid than Amcdm, which we found to have a pS of 7*6. We did not 
detect any localisation. 

C. Dderminatum of the Inie/mdl rS hy Micro-injection. 

The results are collected together in Table TV. Our experience with the 
AmoAa showed us that with solutions more than about 75 per cent, reduced, 
no colour could be seen under the microscope. The dyes put down as reduced 
may, therefore, K)nly be so to the extent of 75 per cent. On the other hand, 
as we had no facilities for the preparation of dyes reduced to difierent stages 
for accurate comparison, it is possible that the dyes put down as remaining 
oxidised may in reality have been slightly reduced, say 10 or 20 per cent. 
Therefore, in calculating the results, we have taken the equilibrium in the 
cell as lying between 25 per cent, reduction of the last dye apparently 
unaffected, and 75 per cent, reduction of the first dye in the series to be 
apparently completely reduced. For Asddia mentula, where No. 6 is partially 
reduced, we have taken the equilibrium as at 50 per cent, reduction of 
this dye. 


Paracentrotm lividus — Unfertilised. 

No. 1 when injected into a cell rapidly permeated the whole of the interior 
and showed no s^ of fading. Even after half-an-hour the colour would 
still be as it was in the begi nning , and when many eggs were on one coverslip, 
one would return from the hundredth to the first few that had been injected 
always to find them perfectly blue. Sea-water seems to precipitate this dye 
but does so in the form of exceedingly fine granules which neither block the 
pipette nor affect the contents. The actual dye which is injected into the 
cell is thus quite in solution. Cytolysis never seemed to occur. 

Yery similar was the behaviour of No. 2. As a rule when injected it spread 
all over the cell, but occationaUy it would collect into a vacuole. Cytolysis 
was more frequent with this indicator than with No. 1, but when it did take 
place there was a delay of from one to five minutes. What was important, 

howevCT, was that no reduction whatever was seen ; the cells remained blue 
indefinitely with no fading. 

No. 3, the indigotine tetrasulphonate, behaved in exactly the same way. It 
permeated the whole cytoplasm when it was injected and only the slightest 
difference could be seen between the colour at the end of half an hour and that 
at tiie very beginning. Cytolysis with this dye was rarer than with No. 2, 
and its effects in this respect more approached those of No. 1. In order to 
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prove that the retention of colour W€is a true absence of reduction and was not 
due to absorptive staining from small amounts of dye which had been allowed 
to ^cape into the hanging drop, some cells were placed in a drop containing a 
little of the indicator and were then tom, pricked, and mauled with a micro- 
n^le. In spite of this they remained colourless indejanitely, showing 
that, since staining will not take place, even upon injury, it cannot mask 
reduction. 

No. 3a, methylene blue, was quite unreduced in these cells, unhke the Aonceba. 
Its injection is extraordinarily difficiilt, for it coagulates the gelatinous envelope, 
and the pipette point very soon has a mass of streamers of coagulated blue 
jelly attached to it. However, the few cells which we succeeded in injecting 
^ve perfectly definite results. *• 

No. 4, though a dye of an altogether different class, gave much the same 
results. There was not a suspicion of reduction. Cytolysis was infrequent, 
but even when it occurred the cytolysing fragments were blue, as was the 
eventual debris. This indicator has also a pH virage, but does not help us much 
for its change is rather outside the physiological area. It is blue down to 
pH 5*5, and red lower stiU. 

The next indicator, No. 5, was also not reduced. Even after 20 minutes 
the colour was as strong as it had been immediately after the injection. This 
was in striking contrast to the Amoeba^ the results with which have already 
been described (10). In the Amosba, this indicator fades at once to a constant 
pale pink ; here, it retains indefinitely its deep red colour. There were no 
cytolyses. 

The change came at No. 6. When No. 6 was injected in the usual way the 
circumference of the outspreading circle of dye was markedly paler than that 
welling in from the pipette end, and by 20-30 seconds after the cell had been 
completely permeated* by the dye, reduction would be complete. No colour 
at all would be left. Cytolysis occurred very often after two or three minutes, 
but it was always an internal cytolysis, the membrane not rupturing, but the 
protoplasm separating out into large globules. With this dye, and indeed with 
all the higher ones, it is necessary to avoid with care any possibility of staining 
efiects masking reduction, for the cells stain readily with these indicators. A 
striking demonstration of the rapidity of the reduction of this dye is seen when 
one injects a row of 20 or 30 cells, one after another, and then looks back from 
time to time to see aH stages of fading, the earlier ones completely colourless, 
the intermediate ones very pale blue, and the ones just injected deep blue. 
Hegions where a little dye was spilt into the drop soon became colourless, 
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and since the field was packed tight with cells, the dye must have stained the 
cells in its immediate neighbourhood and then been reduced* 

With No. 7 the reduction was also rapid and definite. Owing to the fS. 
of the ceil interior, this indicator went red as soon as it entered the ceU, then 
immediately faded to pink, and a moment later was colourless. The time taken 
for the complete process was from 5-50 seconds. When a large number of 
eggs were being injected together on the same field, the impression was given 
that it was impossible to obtain a red egg, however much dye one injected, or 
however quickly one worked. But with staining the matter was easy, one had 
only to surround a cell with the dye and very soon it was a deep red. There 
were no cytolyses with this dye. 

No. 8 was completely reduced in one or two seconds, and there were no 
cytolyses- ksx interesting observation was made on one egg which was injected 
once with indicator, which it reduced ; it was injected a second time, it reduced 
the dye a second time ; and, finally, some dye was injected into the drop in its 
immediate vicmity, whereupon it b^jame stained. Its reducing power had 
been overcome. The reduction with this dye was more rapid thmi with any 
other of our indicators, even including No. 9. 

No. 9 was certainly completely reduced in a very short time after injection, 
nsnally three to five seconds. In one case it was injected into tte nucleus of an 
unripe cell and there completely reduced in the same time. When the reducing 
power was finally overcome and staining supervened, the cells took on a pink 
colour. As the dye entered the cell in the course of micro-injection a purple ring 
was clearly perceptible, but reduction was so quick that it rapidly disappeared. 
At pH 5-0 this indicator in vUfo is frankly pink, at 6’0 reddish purple, at 6-5 
purple, and at 6 -75 purplish black. A priori, th^, this would seem to confirm 
our figure of 6 • 6 for the internal pH, and would indicate that the cell was quite 
dead, with a low cytolysis pH by the time that staining had occurred. But we 
do not wish to lay stress on this consideration because the protein error of this 
indicator when used for determination of pH is not known. 

One point should be mentioned here— the possibility that the fading of the 
colour in all these c^es might be due, not to reduction of the dye, but to its 
diffusion out of the cell through an injured area caused by the entry of the 
pipette. Apart from the unlikelihood that this would constantly happen with 
some dyes and not at all with others, this possibility is negatived by the fact 
that when a little dye was allowed to escape into the drop from the micro- 
pipette, the cells which had become colourl^ were seen to stand out on a blue 
background, having no colour themselves. 
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Sumniiiig up, then, our first application of the series of indicators, we may 
say that we found ITos. 1, 2, 3, 4 and 5 entirely unreduced in the cell, but 
th^t Nos. 6, 7, 8 and 9 were at once reduced to the colourless leuco state. 

ParacentTotus lividus — Fertilised* 

As Table IV shows, fertihsation brought about no difEerence at all All 
the dyes that were reduced before were reduced afterwards, and all those 
that remained oxidised before, remained oxidised afterwards. This rule held 
good for every stage in development up to that of eight cells, so that at no 
time was any rhythmic change in rS observable. It was interesting with Nos. 7, 
8 and 9 to inject the four cells of a four-cell stage egg and observe them becom- 
ing colourless one after another. 

Echinocardium Cm^dahm. 

Only Nos. 5, 6 and 7 were injected into these eggs, and all gave the same 
results as before (see Table IV). 

Asterias Glacialis — Unfertilised. 

In a few cases with No. 5, which was not reduced, there seemed to be some 
fading of the dye when the cell cytolysed. This was the only occasion on which 
we saw anything that indicated an increase of reducing power as an accom- 
paniment of cytolysis. 

With No. 6, several incompletely mature eggs were selected and the dye 
injected into their nuclei only. There it was reduced in exactly the same 
time as if it had been injected into the cytoplasm, and as completely. It did 
not escape at all into the rest of the cell ; the nuclear membrane seemed strong 
enough to contain it. 

Asterias glacialis — Fertilised. 

With No. 6, cells could easily be injected, allowed to reduce, reinjected, and 
allowed to reduce. again. This was seen again and again on cells at all stages 
of their development, as far as the stage of eight cells. 

An interesting observation w^as made with No. 7, namely, that if the dye 
was injected only under the fertilisation membrane it remained blue, but as 
soon as it was injected into the egg itself, it went pink. This points to the 
view that the pH. of the liquid filling the space between the egg and the ferti- 
lisation membrane is above 8*0, and probably the same as the sea-water. 
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Ophium Lacertosa. 

Here the data are incomplete, for as is seen in Table IV- only two dyes 
were injected, Nos, 6 and 8. The results were not altogether easy to interpret. 
When No. 6 was injected, it was found that reduction was exceedingly doubtful. 
There were no cytolyses and after half-an-hour the cells stiU looked thoroughly 
blue. But there were certain definite changes which happened in the following 
order. On injection, the cell would go deep-blue all over, the spreading colour 
flowing round the large nucleus which remained uncoloured. In the first few 
minutes nothing happened, but then the colour faded somewhat in the cyto- 
plasm and collected into definite granules or globules, which retained a blue 
-colour. Meanwhile the nucleus became more and more coloured until at the 
■end of ten minutes it was much the most coloured part of the cell. But nothing 
that could be called a definite reduction was seen. The progressive coloration 
of the nucleus recalls von MoUendorff’s views on nuclear vital staining (9). 

When No. 8 was injected the appearances somewhat resembled those of 
No. 6. The very important differences was that in the first minute the cyto- 
plasm faded to a quite colourless state. Afterwards the nucleus coloured in 
just the same way as with No. 6, but stiU later it also faded. Our conclusion 
was that this dye is completely reduced by the cyijoplasm and partially so by 
ike nucleus. As far as the nucleus is concerned it is difficult to be sure, for 
according to von MoHendorff the nucleus never shows any colour until it is 
dead, in which case the reduction which we observed in it may be the effects 
of a post-mortem change. 

We see therefore thatj speaking generally, No. 6 is not reduced but No. 8 
is. We were not able to inject No, 7, for our material was very limited. 


Ascidia Mentuh. 

Great care was necessary with No. 5 because the cells stained very readily 
from the drop on the slightest injury. It was, however, quite clear that no 
reduction took place. Cytolysis . was not seen. 

No. 6 provided appearances whose interpretation was distinctly more diffi- 
cult. In a typical good injection the dye spread only slowly throughout the 
cell, changing as it did do from purplish-blue to prussian blue. Shortly after- 
wards it faded to a faint grey, after which it did not change further. Under 
higher powers the faint grey had a definitely bluish tinge. The whole pheno' 
menon closely resembled what we had seen previously with No. 6 in the case 
of the Amoeba, and our conclusion was that here also was a case of partial 
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reduction. The prussian-blue effect — ^which was only seen with these eggs — 
received its explanation when we observed with the unstained cell that the test 
cells were coloured with a natural pigment of a faint yellow tint. In the 
injected cell the blue colour of the dye would be influenced by two layers of 
this yellow colour, one above and one below, which would have the effect of 
changing a purplish-blue to a prussian-blue, and which would act thus the 
more effectively the more the dye was reduced. There were no cytolyses 
with this dye. It was interesting to note that although on the least injury 
these cells would stain readily from the drop, yet even when they were deeply 
coloured in this way the test cells were always colourless, and could not be 
got to stain even when torn with a micro-needle. 

When No. 7 was injected into these egg-cells, rapid and complete reduction 
was seen, taking from 50 to 90 seconds to attain completeness. Again, care 
was necessary over the staining, for with this indicator these cells stain spon- 
taneously. The following curious phenomenon was seen several times. In 
an injected egg there would be an inner zone of deep red, where an injection 
had been made, and an outer periphery of colourless protoplasm which the* 
dye had not reached. When the same cell was looked at two minutes later 
there would be an inner colourless zone where the dye had been reduced, while 
now the periphery would be deep red, owing to staining from dye allowed to 
escape into the drop near by. It was easy also to inject a cell and re-inject it 
after reduction, or to inject a little dye into the drop next to it, and watch 
it stain and reduce alternately, until it could reduce no more and became 
permanently coloured. 


Sahellaria Alveohta. 

Here the results showed strong evidence of an individual variability, with 
regard to No. 7. It was definitely reduced in some eggs and not at all in 
others ; in all cases reduction was slow, and when it went to completion it 
took two or three minutes. The only conclusion could be that individual eggs 
behaved differently to this indicator, some of them possessing the power to 
reduce it and others not. 

This section may be summed up by sa37ing that the of these egg cells 
varies between the limits of 19 and 22 ; the detailed minor differences will 
be found in Table IV. The rH does not alter on fertilisation, there are no 
rhjd/hmical changes in the early periods of development, and we could detect 
no localisation of reducing power in the cell. 



Micro-Injection Study on Marine Eggs, 195- 

General Discussion. 

The contradiction found between tbe results with vital staining and those- 
with micro-injection we consider to be of the first importance. As we have 
seen, for Paracentrotus lividus^ using the first method with the dyes 1, 2, 3, 4, 5,. 
the cells remained uncoloured ; while the dyes 6, 7, 8, 9 gave coloured cells, 
with the exception of a small proportion in No. 6. With micro-injection, on. 
the other hand, introduction of small amounts of the dyes 1, 2, 3, 4, 5 resulted 
in permanently coloured cells, while upon the injection of similar amounts- 
of Nos. 6, 7, 8 and 9 the dye in the cells rapidly faded to its leuco form. If a. 
small quantity of one of the indicators 1, 2, 3, 4, 5 is spilt from the micro-pipette 
into the hanging drop it can be seen that the cells stand out colourless against- 
the blue background, and as long as they remain uninjured no dye will enter 
them. With a trace of one of the indicators 6, 7, 8, 9 in the hanging drop,, 
however, the adjacent cells soon become coloured at the periphery, and if 
the dye near them is small enough in quantity this coloration will disappear 
if not, they will become completely blue. Their reducing power will have 
been overcome by excess of the dye and their rH altered ; the same efEect can. 
be obtained by injections repeated sufliciently often. 

It is important to note that the change over from reduction to no reduction, 
ih the cell does not occur at the same point in the series as the change from 
indophenols to indigotines. The explanation, therefore, cannot lie simply in 
the difference of chemical structures between the dyes. These results demon- 
strate, in fact, the service which the method of micro-injection can perform in 
overcoming two important difldculties inherent in vital staining. Firstly,, 
substances to which the normal cell-wall is impermeable can be introduced 
into the cell with little or no injury ; secondly, owing to the rapidity of the- 
method and the minute amount of dye necessary, there is far less danger of 
an upsetting of the original equilibria and the establishing of unnatural ones.. 
By the time that a cell has stained, it is probably far removed from its 
physiological normal. 

The of certain of the egg cells used in this work had already been investi- 
gated, and it will be interesting to compare the results obtained. V1& (16),, 
using his method of cell-compression and crushing, found pSL 5-6, usually 
nearer 6, for the eggs of Paracentrotus Uvidus. He also reported that on. 
cytolysis the cell material became more alkaline. In the method of micro- 
compression a single cell, suspended in a drop of indicator, is rapidly squeezed 
by means of a special apparatus between a slide and a coverslip, and tho* 
pressure is as rapidly released. In this way a psniiial crushing of the cell is- 
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.brought about, and on release of tbe pressure, indicator is drawn into the cell. 
' The cell is then rapidly washed free from indicator by a stream of, some 
convenient liquid, only slightly buffered and near neutrality, and the colour 
iin the cell is examined. In our experience the immediate result of injury or 
cytolysis has always been increased acidity, and it seems to us probable that 
this method of crushing, however carefully the crushing is reduced to a 
minimum, must result in a greater degree of mechanical injury to the cell than 
is involved in the entry of a micro-pipette. This in itself might account for 
the lower found by Vies. But, further, in Vles’s technique about 60 seconds 
.must elapse between crushing and freedom from dye, so that the cell cannot 
.be examined at the moment when the indicator is entering it. We have found 
that the initial tint of the indicator when on the alkaline side very frequently 
;.gives place in less than a minute to a more acid tint, owing to the injurioits 
chemical action of the dye in the cell. 

Another method by which Vies and his collaborators (16) obtained similar 
laresults was that of freezing a quantity of ripe eggs, grinding up the frozen 
mass, and taking the jpH electrometrically at the thawing point. The objection 
.here mtst be that the freezing of the eggs solid, with the consequent formation 
-of ice crystals inside them, will probably lead to such far-reaching injury that 
thawing, even at low temperatures, will be followed by a rapid rise in acidity. 
It seems very likely to us that the lowness of Vlas’s results, compared with 
■ our own, may be explained by such conBiderations as these. 

The matter of increased alkalinity after cytolysis is far from clear however. 
We believe that the primary accompaniment of cytolysis is increased acidity ; 
under certain conditions this might later be abolished by loss of CO 2 , but the 
only condition xmder which we have ever observed rise in 33 H following cytolysis 
was in the presence of sea- water (pH 8*4), when the possibility of the rise 
being due simply to impregnation with the sea-water cannot be overlooked. 
In sea-water at pH 6 - 0 , which is less acid than the cytolysed cell, no cells 
containing brom-cresol purple could ever be seen to go purplish-blue after 
-having once cytolysed and shown a green colour. Vlte does not seem to 
mention the medium in which his cytolysed cells were contained. With a 
mass of cells, as free as possible from sea-water, frozen, ground up, thawed, 

• and left in the air for 30 minutes, he observed that the colour writh brom-thymol 
blue changed gradually from yellow to greenish-yellow. In this case it is 
difficult to think of any reason other than loss of COg to account for the rise. 
But we found no evidence of a postrcytolysis rise in pH when normal sea-water 
"was absent. 
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The only other one of our cells whose internal pH had previously received 
•attention was Sabellaria alveolata. Faur^-Fremiet (5), by staining with nile 
blue and brilliant cresyl blue, had arrived at a pH of 12*0. Two years later, 
Reiss (11), using the method of micro-compression, obtained a value of less than 
pH 5 • 6, and pointed out that with cells which contain a large amount of Iipoid.s, 
■as do those of Sabellaria, nile blue gives a pink colour owing to the solubility 
■of the dye in its undissociated form in the lipoids. This colour may easily be 
mistaken for that of the dye ionised on its alkaline side. Our results with 
Sabellaria eggs are, of course, somewhat higher than those of Reiss. 

Our results in general are in agreement with those of Schmidtmamx (19), 
who introduces minute granules of solid indicator into the cell on the end of a 
micro-needle, and observes their tint as they dissolve. He finds internal pHs 
from 6*4 to 7*6, and these, so far, are our limits also. He observes the acidity 
»of cytolysis, just as we do. 

The increased reducing power observed during the cytolysis of Amoeba 
was never found with the egg-cells, although it was carefully looked for. 

The constancy of the rH values of these cells on fertilisation is probably 
important. It would be dangerous, in view of our present state of knowledge 
*of the complicated systems in the cell, to draw too definite conclusions from 
fins fact, but obviously a possible explanation of it would be that the same 
substances are involved in the oxidative processes before as after fertilisation, 
•only in greater quantity after that event. This condition of ajBEairs might be 
brought about by an increased permeability of intracellular membranes after 
union with the spermatozoon. The change would thus be quantitative rather 
than qualitative. This is exactly the conclusion which was arrived at by 
Warburg and Meyerhof (18) in their later work. 

The constancy of the pH values under all conditions investigated is exceedingly 
striking. Neither moderately severe pathological changes, nor ontogenetic 
changes in the individual, nor phylogenetic changes as between one group' of 
animals and another lead to any difference in the result. For the rH the 
constancy for the individual is similarly seen, but small variations between the 
different families exist. One is left with a picture of protoplasm as a sort of 
wax, out of which a diversity of morphological patterns are modelled : the wax 
itself remaining unchanged until an extremity of pathogenic influence may 
cause it to melt. 

As regards the variations in the rH, results are as yet far too few to enable one 
to guess what degree of alteration is significant for the cell. The results which 
we have obtained on Amoeba and egg-ceUs all lie between rH 17 and 22. Mans- 
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field Clark (3) has suggested, however, that certain anaerobic organisms may 
have an rH slightly less than 0, We. propose next to investigate this point, 
in the hope that the fixing of the physiological range of rH may lead to clearer 
ideas as to the extent of alteration likely to take place in the individual. 

Summary. 

1. A study of the eggs of four echinoderms, one tunicate, and one poly- 
chaete worm has been made with the method of micro-injection. The con- 
clusions rest on the appearances seen in 3,300 injected eggs, 

2* The internal pH of all the eggs studied is in the close neighbourhood of 
6-6. 

3. The internal pH does not change on fertilisation, nor are any subsequent 
rhythmical changes to be seen. It is constant as far as the 16-cell stage. 

4. The internal pH is not affected by local injury, nor by the morphological 
degenerations produced in asphyxia tmtil c 3 rbolytic stages are reached. 

5. On cytolysis the pH is lowered to a point below 5-0 and above 4-0. 

6. The rH of the cells studied varies more than the pH, but within the limits 
19 to 22. 

7. The rH does not change on fertilisation and is constant as far as the 8-ceIl 
stage. 

8. The rH does not appear to alter on cytolysis. 

9. The method of vital staining and the method of micro-injection give dia- 
metrically opposite results : this is discussed in the text. 

We thank Prof. Sir Frederick Hopkins, F.R.S., for his continual interest 
and help, and Professor Perez for his kindness in placing at our disposal the 
resources of the Marine Biological Laboratory at Koscoff. Our gratitude is 
also due to the Government Grant Committee of the Royal Society and to the 
Council of the Senate of the University of Cambridge, for grants towards the 
expenses of this research. Finally, we warmly thank M, Marcel Prenant, Chef 
des Travaux at the Roscoff Laboratory, for his never-failing assistance and 
kindness. 
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ChloTOc^morin : A Pigment allied to Hcemoglohin. 

By H. Mtjnro Fox, Fellow of GonviUe and Gains College, Cambridge, and 
Balfour Student in tbe University. 

(Communicated by Prof, J. Stanley Gardiner, F.R.S. — Received October 14, 1926.) 

[Plate 1.] 

The name chlorocruorin was given by Ray Lankester (1867) to a pigment 
dissolved in the blood plasma of Sabelhd, Serpulid and Chlorhsemid polychaete 
worms. Lankester showed that chlorocruorin is related to haemoglobin, since 
he obtained a haemochromogen from it. The pigment is burgundy-red when in 
concentrated solution, green when dilute. It will be shown below that while 
chlorocruorin is constructed on the same plan as haemoglobin, the differences 
between the two are very much greater than the differences between specific 
haemoglobins. 

Chlorocruorin exists in an oxidised and a reduced state which are of almost 
the same colour. The reduced form in dilute solution is a slightly yellower 
green than the oxidised. The oxidised differs, however, spectroscopically from 
the reduced form in the same manner as oxyhaemoglobin differs from haenm^ 
globin. Oxychlorocruorin has two bands in the red-green part of the visible 
spectrum and reduced chlorocruorin one broader one. These bands are 
situated to the red of the corresponding haemoglobin Imnds. , Chlorocruorin 
like haemoglobin, can act as a peroxidase (Lankester, 1870). 
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The present communication deals solely with the chemical aspects of chloro- 
cruorin. The pigment will be treated from the biological standpoint in a 
following paper. 

The work reported below was done in 1924 and 1926 partly at the Marine 
Biological Station, Eoscoff, Brittany, and partly in the Zoological Laboratory, 
Cambridge. The ultra-violet spectrophotometry was carried out at Strasburg 
in Prof. Vies’ Laboratory of Biophysics. Spirographis Spallanmnii from 
Eoscoff was studied, and Branchiomma vesiculosum, Sahella pavonina^ Myxi- 
cola infundibulum, Pomatoceros triqueter from Plymouth. At Cambridge 
living animals from Eoscoff and from Plymouth were used, and at Strasburg 
SpirograpMs blood, sent from Eoscoff. 

I wish to thank Prof. J. Barcroft and Prof. Fred Vl^s most sincerely for their 
valuable advice and help. I am grateful to the Directors of the Eoscoff and 
Plymouth Marine Biological Stations for an abundant supply of material, 
and to Messrs. Keilin, Anson, and Mirsky for their continual interest. The 
expenses of the research were in part defrayed by Eoyal Society Grants. 

Oxygen Affinity of Chhrocruorin. 

In a previous communication (Fox, 1924) it was shown that oxychloro- 
cruorin can be reduced both by a vacuum and by living tissues.* It may 
function, therefore, as a respiratory pigment, in the sense of absorbing a greater 
amount of oxygen than does water and giving up this oxygen to tissues. 

The dissociation curve of oxychlorocruorin has not yet been made, but it 
can be shown qualitatively that chlorocruorin has a lesser affinity for oxygen 
than has haemoglobin. In a mixed solution of oxychlorocruorin and oxy- 
hsemoglobin the a-bands of each are sufficiently far apart to be seen separately 
(see p. 203 below). A mixture is made in which the intensities of the two 
a-bands are the same, and this mixture is reduced by sealing it up with a piece 
of living tissue. The oxychlorocruorin a-band is seen to vanish before the 
oxyhsemoglobin a-band. Further, if separate mixtures are made of polychsete 
blood containing oxychlorocruorin with (1) frog’s blood, (2) human blood, and 

* The inner layers of the mucous tube of Myxicola are coloured green by oxychloro^ 
cmorin. The latter, which is contained not only in the blood of Sabellids, but in much 
mailer amount in the coBlomic fluid, probably exudes through the nephridia. The oxy- 
chlorocruorin in the mucus cannot be reduced by a vacuum nor by living tissue, even 
when the mucus is cut into thin slices. It can only be reduced by hydrosulphite when 
the ihucus is ground in a mortar with this reducer. This suggests a colloidal protection 
effect, the oxychlorocruorin being protected by the mucin. Wurmser (1921) demonstiated 
a similar protects e effect of colloids against the photo -oxidation of chlorophyll. 
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(3) earthworm's blood, the time interval between the disappearance of the 
oxychlorocruorin a-band and that of the oxyhsemoglobin is different in each 
case. It is shortest in the case of the frog, longer with human blood, and longest 
for the earthworm. This is the order of the oxygen afBnities of the three 
haemoglobins in question. 

The oxygen af&nity of chlorocruorin is affected in the same way as that of 
haemoglobin by the H-ion concentration. This could not be deduced a ^priori, 
for Bedfield and Hurd (1925) have shown that, while the oxygen affinity of the 
haemocyanin ot.Loligo is decreased, that of Limulus haemocyanin is increased 
by COg. 

In order to study the pH effect, oxychlorocruorin was first put into a series 
of buffers to find within what limits of pH it is stable. Below pH 7 *0 and 
above 8 * 6 the intensity of the a-band fades, presumably owing to its changing 
into the derivative corresponding to haematin, although the first fading 
immediately below pH 7*0 must occur because at low yH values the chloro- 
cruorin is incompletely saturated with oxygen. The wave-length of the band 
is uninfluenced by [H]. Equal concentrations of oxychlorocruorin (from 
.Spirographis blood) were next put into buffers (1) of yH 7*0 and (2) of pH 8*5. 
These were exposed to varying pressures of oxygen in tonometers, and the 
pigment examined with a reversion spectrometer (Hartridge, 1912 and 1922) 
while inside the tonometer. The tonometer was first evacuated so that the 
oxychlorocruorin a-band vanished. Measured quantities of air were then 
successively admitted until the oxychlorocruorin a-band again acquired the 
same intensity as it has in atmospheric air. At pH 8*5 this was attained with 
9 mm. oxygen pressure ; at pH 7*0 between f and 1 atmosphere of oxygen 
pressure was required. The temperature was 16®. 

Since chlorocruorin has a lower oxygen af&nity than haemoglobin, and its 
dissociation curve is correspondingly shifted to the right, the question next 
arose as to whether chlorocruorin is fully saturated with oxygen at the atmo- 
spheric tension of the gas or whether a higher tension is required for the curve 
to reach its top and flatten out. Oxygen was bubbled through Br(mchiomma 
and Sahella bloods diluted with tap water, and it was found in both cases that 
the intensity of the a-band of oxychlorocruorin was increased by this procedure ; 
the increase was more marked for BrancMommd than for BaheUa. The experi- 
ment was then repeated with blood diluted with a buffer solution of pH 8*6, 
the upper pH limit at which chlorocruorin is stable. The restilt of bubbling 
oxygen through was the same as before. Thus at the highest possible pH, 
and consequently greatest oxygen af&nity, oxychlorocruorin in these animals 

Q 2 
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is still unsaturated witli oxygen at the atmospheric tension. Bubbling oxygen 
through diluted Sjpirogra'phis blood again causes an increase in intensity of the 
a-band, but in this case the change is very slight. For Myxicola, however, 
oxygen causes no appreciable darkening of the band, so that the oxychloro- 
cruorin in this case is saturated. 

Just as there are difEerent haemoglobins, there exist then a series of specific 
chlorocruorins differing from one another in their affinities for oxygen. The 
four forms studied can be arranged in the following order of oxygen affinities, 
the first-named having the greatest and the last the smallest : Myxicola, 
Spuographis, Sabella, Branchiomma. 

Total Oxygen Capacity of Spirogmphis Blood, 

The quantity of oxygen bound by chlorocruorin in the blood of SpirograpMs 
was determined with a Barcroft (1914) micro-differential manometer.* This 
was possible since oxychlorocruorin, hke oxyhaemoglobin, gives up its oxygen 
on the addition of ferricyanide. 

Each determination was made with 0-1 c.o. of blood. Undiluted SpirograpMs 
blood was obtained by inserting a capillary pipette into each of the two blood , 
vessels at the base of the branchisB. This situation was chosen owing to the 
absence of any coelomic cavity here. From eight individuals 0-1 c.c. of blood 
can thus be extracted. The value for the total oxygen capacity given below 
is higher than that announced in my preliminary communication (Fox, 1924). 
The reason is that previously the blood had been taken from the body of the 
worm, where, in spite of the greatest precautions, some admixture of coelomic 
fluid is unavoidable. 

Determinations were first made of the oxygen capacity of my own blood. 
Seven estimations gave 20*4, 18-3, 19-0, 20-2, 19-3, 19-0, and 18*6 c.mm. 
©2 at N.T.P. from 100 c.mm. blood. The average of these values is 19-3. 

The results of five estimations of Spirograpjiis blood were 8*1, 9-2, 9*1, 
10*0 and 9*2 vol. per cent, at N.T.P., the average being 9-1, The blood thus 
binds 15 times the quantity of oxygen dissolved in sea water (barometer during 
experiments, 759 mm.). 

It has been shown above that the oxychlorocruorin of SpirograpMs is not 
saturated with oxygen at the atmospheric partial pressure. Further deter- 
minations were accordingly made with SpirograpMs blood, this time saturated 
with oxygen (barometer, 760 mm.). Under these conditions the total oxygen 

* The apparatus was calibrated by liberating in one bottle a known quantity of oxygen 
from HaO*. 
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capacity was found, in three estimations, to be 10*6, 10*1 and 9*8 voL per 
cent, at N.T.P., with an average- of 10*2. This means that at atmospheric 
oxygen pressure Spirographis oxychlorocruorin is 10*2/9-1 = 90 per cent, 
saturated. . 

For comparison, determinations were next made of the oxygen capacity 
of the blood of a polychaete containing haemoglobin. Arenicola was chosen; 
It is possible here to extract 0 • 1 c.c. blood from one worm, and each determina- 
tion was made with a single individual. The values obtained differed widely 
from one another, which means that the haemoglobin content of the blood is 
very variable. Barcroft (1924) had already noted this in colorimetric esti- 
mations. The oxygen capacities of six individuals were found to be 8*2, 
5*7, 8*7, 6*8, 7*4, and 6*8 c.mm. O 2 in 100 c.mm. blood. These values are 
seen to be lower than those for Spirographis, 

The oxygen capacities recorded above for the bloods of Spirographis (9*1, 
voL per cent.) and of Arenicola (5*7 to 8*7 vol. per cent.) are the highest known 
among invertebrates. The highest value for blood containing haemocyanin 
is 4 to 5 vol. per cent, for Octopus (Winterstein, 1909 ; Dh6re, 1919). 

Ahsorptimi Spectrum of Oxychhrocrmrin. 

It has been pointed out above that the absorption spectra of oxychloro- 
cruorin and chlorocruorin resemble those of oxyhaemoglobin and hsemoglobin. 

Fig. 1 shows the appearance of the spectrum of oxychlorocruorin in the 
visible region. The a-band is much more intense than the p, and both are 



cruorin of Spirographis, general aspect of spectrum, (h) Axes of hands of [a), (e 
and d) Axes of hands of oxyh’aemoglohin of the horse (c) and Armicola (d), (a and h ) : 
spectrometer readings ; (c and d) spectrophotometric determinations by Vl§s (1928, 
p. 7). 

shifted to the red of the corresponding oxyhsemoglobin bands. This shift is 
much greater than the differences between specific hsemogiobins {see fiig. 1, 
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c and d). ' Tlie axis of a is at 604 (ijx, of p at 560 (spectrometer measurements*). 
Oxychlorocruorin tas a third very light band at 518. This has no representa- 
tive in oxyhaemoglobin. Fig. 2 (6) gives a photograph of the spectrum (the 
band at 518 here appearing exaggerated). 

Fig. 3 (a) gives the spectrophotometric curve in the visible of oxychloro- 
oruorin. The measurements were made at atmospheric oxygen tensioii, so 



Fig. 3. — Spectrophotometric curves in the visible of {a) oxychlorocruorin and (6) chioro- 
cruorin of SpirograpMs, The oxychlorocruorin solution is saturated with air. After 
the oxychlorocruorin had been determined it was reduced in the trough with hydro- 
sulphite so that the molecular concentrations are the same for the two curves. 

The values from which these curves are drawn are given in the Appendix (p. 217), 


that there is a 10 per cent, admixture of reduced chlorocruorin. The absorp- 
tion ratio a/p is seen to be 1*69, as compared with 1*04 for haemoglobin of 
the horse, 0*95 of Arenicola^ and 0-88 of Marphysa (Vies, 1923). 

In the ultra-violet, oxyhaemoglobin has an intense band (y) at 416 (see 
(V14s, 1921, fig. 2). The absorption ratio a/y is 0*08 only. There is a smaller 
band y' at 343 (absorption ratio a/y' =0*34). Bands y and y' are due to the 
pyrrol nucleus. Finally, there is a band, <f>, at 275, due to the protein (globin)^ 
The photograph fig. 2 (c) (Plate 1), shows the y-band of oxychlorocruorin. 


* The wave-lengths of the axes of bands determined with the spectrophotometer (fig. 3 
and Table I), the ordinary spectrometer (fig, 1), and Hartridge’s reversion spectrometer 
(Table 11) differ from one another. This is to be expected from the differences in methods 
used (Hartridge, 1913, and VlAs, 1921, p. 15).' 
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The spectrophotometric* cuives of fig. 4 show the y-, y'-, and ^-bands of oxy- 
chlorocruorin saturated (a) with oxygen and (&) with air. Solution (6) conse- 
quently contains a 10 per cent, admixture of reduced chlorocruorin. The 
absorption ratio y/y' appears to be 1*5 from curve (a) or 2*3 from curve (b). 



Fig. 4. — Spectxophotometric curves in the ultra-violet of oxy- and reduced chloro- 
cruorin. Diluted Spirographis blood (a) saturated with oxygen> (&) saturated with 
air, (c) reduced with hydrosulphite. The concentrations are identical in the three 
cases. The wave-lengths of the axes of the oxyhsemoglobin (OgHb) and haemoglobin 
(Hb) y- and y'-bands are inserted for comparison. 

The values from which these curves are drawn are given in the Appendix (p. 218). 

Although these figures have here no absolute value, owing to the general 
absorption by other colloids of the diluted whole blood, yet the ratio is evidently 
lower than that for oxyhsemoglobin. In the latter case the y-band is con- 
siderably more intense relatively to the y', the ratio being 4-1 (Vies, 1921, p. 9). 
Table I compares the positions of the axes with those of the corresponding 
hsemoglobin bands. As in the case of a and p, y and y' are shifted to the red 
in .oxychlorocruorin as compared with oxyhsemoglobin. 

* For tbe ultra-violet spectrophotometry the technique of Prof. Vl^ (1925) was used. 
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Table I. — Spectrophotometric axes of the bands of (I) oxyhsemoglobin of the 
horse (Vies, 1921, p. 7), and (II) oxychlorocraorin of SpirograpJiis. 


Designation of Band 

a j 

i 

iS i 

— 

7 

/ 


1 

I 

578 

543 


1 

41(6)* 

34(3) 

27(5) 

II 

609 

561 

517 

43(2) 

37(9) 

27(5) 


^ Figures in brackets are uncertain. 


Specific Ghhrocruonns. 

It has been shown above that there are specific chlorocruorins with varying 
oxygen affinities. Now there exists a series of haemoglobins spectroscopically 
different from one another (Sorby, 1876 ; Vies, 1923 ; Barcroft, 1924), and 
in just the same way the specific oxychlorocruorins differ in the wave-length 
of the oc-band.* Table II gives details of this. The a-band in Sdbella differs 


Table II. — Positions of a-bands of oxy- and CO-chlorocruorins measured in 
Angstrom units with the Hartridge reversion spectrometer. 


Animal 

Position of a-band 

Span, or 
Difference 
between Oxy- 
and Carboxy- 
a-band 

Oxy- 

chlorocruorin 

Carboxy- 

chlorocruorin 

Sabella 

6059 

6011 

48 

Myxicola : 

6056 

6027 1 

29 

Spirographis 

6048 

6016 1 

32 

Branchiomma 

6029 

5987 

42 

Pomatoceros 

6025 

6008 

17 


Oxy- 

Carboxy- 



haemoglobin 

hsemoglobin 


Man 

5763 

5700 

63 

Planorbis ; 

5745 

5695 

50 


* MacMunn (1885) described specific chlorocruorins of Serpulids, differing in colour, 
some red, some brown, others green. In my experience ohlorocruorin is always of the 
same colour, red concentrated, green dilute, although the tint seems to vary slightly from 
one species to another. The diluted blood of Sabella, for instance, is of a more yellowish 
green than that of Spirographis. This, however, may be due to an additional pigment. 
MacMunn’s assertion can perhaps be explained by such additional pigments in the tissues 
of Serpulids. When Pomatoceros is cut up in fresh water a pink solution is formed. In 
addition to oxychlorocruorin there is present a substance with two bands at 539 ’and 
499 (reversion spectrometer). Sodium hydrosulphite and living tissues both reduce this 
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0 

from that in Pomatoceros by 34 Angstrom units. This is a greater variation 
than that between two of the most divergent haemoglobins, human and Plan- 

o 

orhis, which differ by 18 A only. 

Ahsmptim Spectrum of Reduced Chlorocruorin, 

Fig. 5 gives the absorption spectrum of chlorocruorin (reduced with sodium 
hydrosulphite) in the visible region. The Stokes’ bands of Arenicola and 


b 


Fig. 5. — ^Absorption spectra of reduced chlorocruorin and hsemoglobin. (a) Chlorocruorin 
of SpirograpJhis, (h) Haemoglobin of Arenicola, (c) Mammalian haemoglobin, {h and c 
from Vl^, 1923, fig, 5.) All reduced with hydrosulphite. The numbers give the axes 
of the bands, in (a) determined with the spectrometer, in (6) and (c) spectrophoto- 
metric measurements by Vl^ (1923, p. 17, ^nd 1921, p. 12). 

mammalian haemoglobins are inserted for comparison. The chlorocruorin 
band is again shifted to the red. It has a darker axis at 574 and a lighter one 
at 610.* In addition, there is a faint band at 525. Fig. 2 {d) gives a photo- , 
graph of these bands (the intensity of the band at 526 appearing exaggerated). 
Fig. 3 (6) gives the spectrophotometric curve of reduced chlorocruorin in 
the visible. It shows the absorption relative to that of oxychlorocruorin and 
explains the appearances seen in figs. 5 (a) and 2 (d). There is, in reality, a main 
summit at 572 with a buttress on either side. The Stokes’ band of mammalian 
hsemoglobin has a simple summit (Vlds, 1921, fig. 3) and that of Arenicola 
haemoglobin a double apex (Vlfe, 1923, fig. 4). 

Reduced haemoglobin has a y-band situated to the red of that of oxyhaemo- 
globin. Its axis is at 431 (Henri et Wurmser, 1912), while that of oxyhaemo- 
globin is at 416. Similarly, the y-band of reduced chlorocruorin is to the red 

pink pigment to a cotourless substance which permits the green colour of chlorocruorin 
to appear in the solution. The reduced substance re-oxidises in air. This pink pigment 
is at present under investigation. The normal green of chlorocruorin,. however, can be 
seen under the microscope in the blood-vessels of Pomatoceros, 

* Reduced with ammonium sulphide the main band has a single axis at 689. Vl^ 
(1923, p. 17) has shown that the spectrum of Arenicolan haemoglobin, too, varies with the 
reducing agent employed. Mammalian haemoglobin, on the other hand, is invariable. 
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of that of oxycHorocruorin. This band is seen in the photograph, fig. 2 ((i and e) . 
The spectrophotometric curve is given in fig. 4 (c). The axis of the y-band of 
reduced chloxocruorin is at 442 as compared with 432 for oxychlorocruorin. 
The absorption is the same for both forms. Fig. 2 (e) shows another band on 
the side of y away from the visible. This is seen at 425 on the curve (fig. 4 (c) ). 

The y'- and ^-bands of reduced chlorocruorin could not be studied owing to 
the general absorption in this region by the colloidal hydrosulphite. 

Derivatives of Chlorocniorin, 

Not only are chlorocruorin and hsemoglobin spectroscopically similar, but 
a series of derivates can be prepared from chlorocruorin corresponding to those 
obtained from haemoglobin. 

Like haemoglobin, chlorocruorin has a greater aflSinity for CO than for oxygen. 
CO-cJilorocruorin has a spectrum resembling that of oxychlorocruorin with the 
a- and p-bands shifted towards the blue. As in the case of CO-haemoglobin, 
the CO-chlorocruorin a-band is fainter and broader than the oxychlorocruorin 
a-band. The amount of shift of the a-band when CO displaces O 2 is called 
by Barcroft the span.” Table II gives the spans of several specific chloro- 
cruorins, determined with the reversion spectrometer. The spanus of human and 
Planorhis haemoglobins are inserted for comparison.* They are greater than 
the chlorocruorin spans. Light dissociates CO-haemoglobin. It has a sinoilar 
• effect on CO-chlorocruorin but to a more pronounced degree. 

* MetoMorocruorm of a brown-green colour is formed on the addition of 
potassium ferricyanide to oxychlorocruorin. The spectrum shows three bands 
at 604, 569 and 518 (spectrometer readings). There is no band in the red. 
The band at 569 is more intense than that at 604^ On the addition of sodium 
carbonate the band at 604 becomes more intense than that at 569, which moves 
to 564. On acidifying again there is no further change, so that the alteration 
on addition of sodium carbonate may have been due to a change in turbidity, 
not to the appearance of an alkaline metachlorocruorin. Vies (1923, p. 19) 
has shown that the methsemoglobin of Arenicola^ too, is aberrant, but in a 
different sense. 

Weak acids convert oxychlorocruorin into acid chhroaruorohcBmatin. When 
Sfirographis blood is diluted with sea water the addition of citric acid gives 
a heavy precipitate, but when diluted with distilled water a clear solution is 

* The values given here differ from those of Anson, Barcroft, Mirsky and Oinuma (1924, 
p. 62), using the same instrument. The values of all spans given by these authors require 
modification. 
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obtained. It is reddish brown. The absorption spectrum shows a well- 
defined band with its axis at 562. In addition, there are less defined bands at 
670 and 604.* On making the solution alkaline, it takes on a greenish-brown 
colour. Its spectrum shows two well-defined bands at 630 and 588. In 
addition, there are less defined bands at 683 and 475. 

It is thus apparent that the spectra of acid and alkaline chlorocruoro- 
hasmatin have a character different from those of acid and alkaline haematin. 
This being so it is remarkable to find that chlorocruorohsematin in ether plus 
glacial acetic acid has a spectrum quite analogous to that of haematin in the 
same solvent. The method employed was to drop Spirographis or human 
blood into a mixture of 2 parts of ether to 1 part of glacial acetic acid. In 
each case a four-handed spdctrum is obtained {see fig. 6), the bands of 
chlorocruorohaematin being to the red of those of haematin. In chloro- 


a 

h 


Wm. 6, — Absorption spectra of haematin and chlorooruorohsematin prepared with ether and 
acetic acid, (a) General aspect of the haematin spectrum, determined with the 
ordinary spectrometer, (b) and (c) Wave-lengths of the axes of the bands of haematin 
(6) and chlorocruorohaematin (c), determined with the reversion spectrometer, 

cniorohaematin band I is darker than III, in haematin the reverse is the 
case. Band II is very light in both, 

Spirogmphis blood dried on a microscope slide and treated with the usual 
procedure for preparing Immin gives crystals which resemble the latter. 

• While, however, the derivatives corresponding to methaemoglobin and 
haematin in watery solution do not closely resemble these substances, a 
typical haemochromogen can be prepared from chlorocmorin. The method 
used was either to reduce the oxychlorocruorin with hydrosulphite and then 
add alkali, or to add acid, then alkali, and lastly to reduce. The spectrum 
of this cAZorocrtiorocAromogren is shown in fig. 7. The bands are to the red of 
those of haamochroinogen prepared from haemoglobin, but the diSerence is less 
than that between oxychlorocruorin and chlorocruorin compared with 

* This implies a correction to the absorption spectrum given in my preliminaoy commur 
nication. The reason is that previously the clear solution in distilled water had not been 
obtained. 
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oxyliaemoglobiii and haemoglobiii. The a-band of chlorocruorochromogen is 
asymmetrical and less intense than that of haemochromogen. Further, unlike 
hsemochromogen, the bands do not immediately attain their definitive 
positions. There is an initial stage of chlorocruorochromogen which only 
gradually changes into the final state (see fig. 7). 

— f 1 1 1 r 

600 ^>60 iSO 

637 




Fia. 7. — Absorption spectra of chlorocraorochromogen and haemochromogen. (a) Initial 
stage, and (6) final stage of chlorocruorochromogen. (c) Axes of bands of globin- 
haemochromogen. Spectrometer measurements. 

As in the case of haemochromogen, the addition of KCN to chlorocruorochro- 
mogen causes the bands to become less intense and to move towards the red. 
Their axes move from 569 and 533 to 673 and 538. 

Anson, Barcroft, Mirsky and Oinuma (1925, p. 75) have demonstrated with 
Hartridge’s reversion spectrometer that the haemochromogens prepared from 
the haemoglobins of various vertebrates and insect larvae all have the axis of 
the a-band at the same wave-length. This does not necessarily mean that 
aU of these haemochromogens are identical, for Vies (1923, p. 20) has shown 
spectrophotometrically that the haemochromogen of Arenicola absorbs less than 
that of the horse. It was of interest, however, to know whether the specific 
chlorocruorins, too, would give chlorocruorochromogens all alike as regards the 
wave-length of the a-band. Such was found to be the case. Preparations 
were made from the bloods of Branchiomma, Sabella and MyxicoU, For all 
three forms the position of the axis of the a-band, measured with the reversion 
spectrometer, was the same. The wave-length was : (a) in the initial stage, 
immediately after preparation, 5810 A^ and (6) in the final state, measured 
next morning, 5657 A. 

The Protein and the Coloured Group of the Ohlorooruorin Molecule. 

Protein precipitants were used to test for the presence of a protein in chloro- 
cruorin. Chloracetic acid brings down a precipitate in Spirogmphis blood. 
On centrifuging it is seen that the supernatant liquid is colourless. 
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The following procedure was adopted to confirm the presence of a protein. 
It allowed of a colour reaction being used, which is of course impossible in 
presence of the coloured portion of the chlorocruorin molecule. Schulz’s 
classical method of splitting haemoglobin into globin and the coloured group, 
consists in fiirst converting the haemoglobin into acid haematin and then 
adding ether and a little alcohol. The haematin then all passes over into 
the ether while the globin remains in the watery phase. Spirograj^his blood 
was treated in this way, chlorocruorohaematin being first prepared from the 
oxychlorocruorin with a dilute acid. When ether was added, the coloured 
group passed over into the latter. The acid watery phase, which was 
colourless, could now be tested for a protein, and was found, in fact, 
to contain one. The biuret test was positive and tungstic acid gave a 
precipitate. 

Chlorocruorin appears thus to be a conjugated protein, although it may be 
objected that the tests merely demonstrate some other protein in the blood. 
The existence of specifically difEerent chlorocruorins argues, however, in 
favour of a protein rather than some simpler constituent of the chlorocruorin 
molecule. 

The next question to be answered was, What is the relationship of the 
ooloured group in the chlorocruorin molecule to that in hsemoglobin ? 

Bartin-Sans and Moitessier (1893) showed that the hsemochromogens are 
a family of substances formed when egg-albumin, amines or ammonia are 
added to reduced haematin, and that while all have the typical hsemochromogen 
•spectrum the wave-lengths of the bands vary a little in each case. Anson and 
Mirsky (1925, p. 50) have taken up the question again, and, using Hartidge’s 
reversion spectrometer, have fixed the axis of the a-band for a series of arti- 
ficial hsemochromogens containing different nitrogen compounds attached to 
iihe haematin nucleus. One of their haemochromogens was formed by adding 
globin to haemin dissolved in NaOH and reduced. This gave an a-hand in 
an identical position with that of ordinary haemochxopaogen prepared directly 
from haemoglobin. Hence, they conclude, ordinary haemochromogen contains 
globin.* 

Now, there exist several natural pigments other than haemoglobin which 
belong to the same haematin family. &xch are (1) cytochrome, a mixture of 
haemochromogens present in most animal and plant cells (K^lin, 1925) ; 

* Anson and Mirsky consider that haemoglobin is a polymer of haemochromogen. If 
ijhis be so, the initial stage of chlorocruomehromogen n^y oon^t of, say, two molecules 
-of the final stage, while chlorocruorin would consist of four molecules of the hi-tter. 
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(2) lielicorubin, a baemoclixomogen in the gut of snails ; and (3) actimohse- 
matin in the anemone Actinia equina. 

Anson and Mirsky (I 9265 p. 161) attacked the problem next as to whether 
these different pigments have the same or a different hsematin nucleus (called 
by them hsem). They did not examine the hsematins directly, but from each 
pigment prepared an artificial ammonia-hsemochromogen. This procedure 
was adopted because the wave-length of the hsemochromogen a-band can be 
very accurately fixed (to within 2 A) with Hartridge’s reversion spectro- 
meter. It was found that the wave-length was identical for the ammonia- 
hsemochromogens of ( 1 ) various haemoglobins, ( 2 ) a portion of the cytochrome 
complex, (3) helicorubin, and (4) actiniohsematin. 

Hence these authors conclude that the coloured group (hsematin, or, as they 
term it, hsem) of all these pigments is identical. It should be pointed out, 
however, that while the fact just recorded shows a very close similarity between 
the hsematins in question, it does not imply identity. In order to demonstrate 
this, the spectrophotometric curves must be prepared and the ratios between 
the absorption constants at different wave-lengths must be shown to be 
identical for each substance. 

Chlorocruorin was next examined with the object of seeing whether its 
hsematin nucleus is similar to those of the pigments mentioned above. 
In view of the fact that the various pigments of the hsematin family studied 
by Anson and Mirsky turned out to have hsematin nuclei either identical 
or very similar to one another, it might reasonably have been expected that 
the coloured group of the chlorocruorin molecule would fall in the same category. 
It was therefore surprising to discover that the haematin nucleus of chloro- 
cruorin is very different. 

The procedure was as follows : Ammoma-chlorocruorochromogen was 
prepared from Spirographis blood and the wave-length of its a-band compared 
on Hartridge’s reversion spectrometer with that of ammonia-hsemochromogen. 
The wave-lengths of the two turned out to be far from alike. The a-band of 
ammorua-chlorocruorochromogen is 20 A to the red of that of ordinary 
chlorocruorochromogen prepared directly from chlorocruorin. On the other 
hand, the a-band of ammonia-haemochromogen is 27 A to the blue of ordinary 
hsemochromogen made from haemoglobin. The a-bands of ordinary chloro- 

o 

cruorochromogen and ordinary haemochromogen are themselves 85 A apart.* 

* Chlorocruorochromogen 5657 A hsemochromogen from haemoglobin 5572 A (reversion 
spectrometer measurements). 
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Thus the ammoma-hsemochromogeiis are not at all similar, and hence the 
hamatins of chlorocruorin and of haemoglobin are unlike. 

As to the mode of preparation, ammonia-haemochxomogen can easily be made 
by adding ammonia to ordinary globin-haemochromogen. Ammonia has a 
great affinity for haematin and it displaces the globin. It was found, 
however, that this cannot be done with chlorocruorochxomogen. Its 
protein has too great an affinity for its haematin group to be displaced by 
ammonia. Recourse must be had to another procedure. Chlorocruorin is 
split in Schulz’s way. Ammonia is then added to the ether phase and the 
haematin passes over into the ammonia. A reducer (hydrosulphite) is added, 
ammonia-chlorocruorochromogen being thus formed. Naturally, the ammonia- 
chlorocruorochromogen was compared with ammonia-haemochromogen pre- 
pared from haemoglobin by an identical procedure. Ammonia-chlorocruoro- 
chromogen is a greenish-yellow solution, while ammonia-haemochromogen is 
pink. 

Concerning the protein part of the chlorocruorin molecule, all that can be 
said at present is that relatively to ammonia it has a greater affinity for its 
coloured group than has globin for haematin, since ammonia displaces globin 
from globin-haemochromogen but not the protein from chlorocruorochromogen. 
The nitrogen compound of helicorubin has a similar high affinity for its haematin 
group (Anson’and Mirsky, 1925, p. 221). Further, the protein of chlorocruorin 
can be made to combine with the haematin of haemoglobin. To bring this 
about chlorocruorin was split in Schulz’s way and the acid watery portion 
containing the protein made alkaline. Haematin was then prepared by dis- 
solving haemin crystals in NaOH. Hydrosulphite was added and the product 
mixed with the protein from chlorocruorin. This hybrid has a typical, 
haemochromogen spectrum with its a-band within 3 A of that of ordinary 
globin-haemochromogen. The chlorocruorin protein has a good affinity for 
ordinary haematin, for it was necessary to add to the latter a smaller quantity 
of this protein to form a haemochromogen than of any other protein except 
globin. 


ConsdMion of the Cohured Group of the Ckhrocruorm Molecule, 

The haematin group of chlorocruorin being different from that of haemoglobin, 
etc., the next question asked was whether it is an iron compound or perhaps 
contains some other metal. The test for masked iron, however, was positive. 
The iron is at present being estimated quantitatively in order to establish 
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"wlietlier or not oxycUorocruorin resembles oxybsemoglobin in having two 
^toms of oxygen nnited to one of iron. 

Since the coloured group of the cblorocruorin molecule is an iron compound, 
the difference between chlorocruorohscmatin and the hsematin of haemoglobin 
must be due not to the metal but to the porph 3 n:in with which the metal is 
united. In my previous publication (1924) it was left undecided whether or 
not chlorocruoroporphyrin is identical with haematoporphyrin. The method 
employed did not give sufficiently constant results for either product. Since, 
then, other methods have been adopted which show that, while chlorocruoro- 
porphyrin and haematoporphyrin have the same patterns of spectra, the bands 
of the former are situated considerably to the red of those of the latter. The 
porphyrins, then, are different from one another. This means that, whereas 
both ordinary haematin and chlorocruorohaematin contain iron, they differ in 
being built up from different groups containing pyrrol nuclei. 

The method used in the preparation of the porphyrins was the following: — 
Blood of Spirographis and human blood were each dropped into concentrated 
H 2 SO 4 kept cool under the tap. In both cases porphyrins were obtained having 
a broad unsymmetrical band in the green and a narrower symmetrical band in 
the red. The wave-lengths of the bands were measured six hours after 
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Fig. 8. — Absorption spectra of porphyrins prepared with concentrated H^SO (a) 
General aspect of the hsematoporphyrin spectrum, determined with the ordinary 
spectrometer. (&) and (c) Wave-lengths of axes of bands of haematoporphyrin 
(5) and chlorocruoroporphyrin (c), measured with the reversion spectrometer. 

preparation, since the positions are unsteady at &st. The red band is more 
intense relative to the green band in chlorocruoroporphyrin than it is in 
hsematoporphyxin. Kg. 8 gives the axes of the bands in both cases. 

yHsematoporphyrin is fluorescent (Dh 6 r 6 and Sobolewski, 1916). Chloro- 
cruoroporphyrin 'exhibits the same phenomenon. 

Conclusion, 

The haematin nucleus found in haemoglobin, helicorubin and actiniohsematin 
ha^ a very wide distribution both in animals and plants, since it is also a con- 
stituent of cytochrome. Chlorocruorin stands apart in having a peculiar pyrrol 
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group, whicli is the more remarkable since there is a much greater similarity 
between the chemical structure of haemoglobin and that of chlorocruorin than 
there is between haemoglobin and any of the other pigments mentioned. 
Chlorocruorin, with its peculiar haematin, has a most restricted zoological 
distribution. It is found only in certain families of polychaete worms, while 
other families of these annelids have haemoglobin. Now, the sporadic occui- 
rence of haemoglobin and related pigments in the animal kingdom may perhaps 
be accounted for by a common development with the almost omnipresent 
cytochrome. If this be the case, however, what is the origin of chlorocruorin ? 
This is one of the principal problems connected with this substance which 
still remain to be solved. 

Summary. 

1. Chlorocruorin is a pigment dissolved in the blood plasma of certain poly- 
chaete worms. It is red in concentrated, green in dilute, solution. 

2. Chlorocruorin exists in an oxidised and a reduced form, having absorption 
spectra analogous to those of oxy- and reduced haemoglobin. The oxidised 
form can be reduced (a) by a vacuum and (6) by living tissue, and then 
reoxidised by air. 

3. Chlorocruorin has a lesser affinity for oxygen than has haemoglobin. 

4. The oxygen affinity of chlorocruorin is increased by. an increase in pH. 

6. There is a series of specific chlorocruorins differing in oxygen affinities. 

The following are arranged in order of oxygen affinity from highest to lowest : 
Myxicola, SjdrograpMs, SdbeUa, Branchiomma- 

6. The chlorocruorins of Branchiomma^ Sabdla and Spirographis are un- 
saturated with oxygen when this gas is at the normal atmospheric pressure, 
while that of Myxicola is saturated. 

7. The total oxygen capacity of the blood of Spirographis is (a) in contact 
with air, 9*1 voL per cent. ; (6) in oxygen, 10-2 voL per cent. Spirographis 
oxychlorocruorinis thus 90 per cent, saturated at atmospheric oxygen pressure. 

8. The absorption bands of oxychlorocruorin and reduced chlorocruorin 
resemble those of oxy- and reduced haemoglobin shifted towards the red end 
of the spectrum. 

9. In addition to this shift, the principal difference in the oxychlorocruorin 
spectrum compared with that of oxyhaemoglobin consists (1) in the high value of 
the absorption ratio a/p and the low value of y/y', and (2) in the presence of an 
extra small band in the visible region between p and y, 

10. The specific oxychlorocruorins differ in the wave-length of the a-band axis. 
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11. Tte Stokes’ band of cilorocruorin (reduced with hydrosulphite) bas a 
summit with, a buttress on either side, differing thus from the simple summit 
df the mammalian and the double apex of the Arenicolan haemoglobin band. 
In reduced chlorocruorin the y-band is shifted to the red of its position in 
oxychlorocruoiin. (Of. the same shift in reduced compared with oxy- 
haemoglobin.) 

12. Ghlorocmorin has a greater affinity for CO than for oxygen. The spans 
of different chlorocruorins vary, but are always smaller than those of haemo- 

Xight has a greater effect in dissociating CO-chlorocxuorin than 
CO-haemoglobin. 

13. The spectrum of metachlorocruorin differs considerably from that 
of methaemoglobin. 

14. Chlorocruorohaematin in both acid and alkaline watery solution shows, 
spectra unlike those of acid and alkaline haematin. On the other hand,. 
cMprocruorohaematin in ether-acetic has bands similar to those of haematin 
in the same solvent, but moved to the red. 

16. "Spectroscopically, chlorocruorochromogen closely resembles haemo- 
chromogen. The former differs from the latter in that (1) its bands are nearer 
the red, (2) the ffiial situation of the bands is not attained immediately after 
preparation ; there is an initial form which gradually changes into the final one. 
The different specific chlorocruorins yield chlorocruorochromogens, all of 
which have the axis of the a-band at an identical wave-length. 

16. Anson and Mirsky have demonstrated that the ammonia-hsemochro- 
mogens of haemoglobin, helicorubin, actiniohaematin and part of the cjrfcochrome 
complex all have the axis of the a-band at the same wave-length, showing that- 
the haematin group is either the same or very similar in all of these pigments. 
Ammonia-chlorocruorochromogen, on the other hand, has its a-band at a. 
different wave-length, so that the haematin group of chlorocruorin is not the 
same as that of the pigments just mentioned. 

17. The haematin group of the chlorocruorin molecule contains iron. It 
differs from the haematin group of haemoglobin in that the iron is united to 
a different porphyrin. The latter has a similar spectrum to that of haemato- 
prophyrin, with the bands shifted to the red. 
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BESCRIPTION OF PLATE 1. 

2. — Photographs of the absorption spectra of oxy- and reduced chlorocruorin of 
Spirographis. (a) Mercury vapour lamp spectmm. (& and c) Oxychlorocruorin, 
(d and e) Chlorocraorin, (b is photographed with a plate sensitive to the red.) 


APPENDIX. 

Sjpectrophotometric values from wHcli the curves of Pigs. 3 and 4 were 


coBstrueted. 

(Pig. 3— p. 204.) 

Oxyehlorocruoriu. 


A in ^ 

Colog l/Io 

A iU JUrfl 

Oolog I/Io 

638 

0-282 

i 

537 

1-061 

616 

1-896 

517 

1-086 

609 

2-45 

502 

1-064 

580 

0-994 

491 

1-259 

561 

1-450 




Reduced chlorocruorm 


A 

Colog 1/Iq 

A 

0ol(^ I/I^ 

653 

0-46(7) 

573 

1*434 

630 

0-76(9) . 

551 

1-30 

613 

1*240 

539 

1*20 

604 

1-341 

526 

1-17 

596 

1-34(5) 

514 

1-10 

590 

1*380 

509 

1-02 

577 

1-367 

496 

0-96 
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(Fig. 4 — ^p. 205.) 

OxycMorocruorin (oxygen.). 



Colog I/Iq 


Colog I/Io 

460 

0*50 

350 

0*56 

450 

0-66 

340 

0*64 

435 

0-74 

322 

0*68 

430 

0*74 

310 

0-70 

420 

0*66 

295 

0*86 

410 

0*60 

285 

1*14 

400 

0*54 

278 

1*30 

395 

0*44 

275 

1*35 

390 

0*46 

268 

1*18 

385 

0*48 

261 

1-27 

380 

0*51 

250 

1*45 

375 

0*48 

245 

1*57 

368 

0*48 

1 242 

1*66 

360 

0*43 

238 

2*24 

358 

0*42 

234 

3*74 


OxycHorocruorin (air). 


X 

Colog I/Io 


Oolog I/Io 

450 

0*54 

310 

0*39 

440 

0*69 

300 

0-42 

430 

0*67 

290 

0-66 

420 

0*42 

285 

0*70 

400 

0*30 

.278 

0*81 

395 

0*18 

274 

0*77 

390 

0*23 

267 

0*75 

380 

0*27 

261 

0*79 

370 

0*31 

254 

0*85 

360 

0*28 

245 

0*97 

350 

0*29 

240 

1*38 

340 

0*31 

234 

1*80 

321 

0*36 




Reduced chlorocruorin. 


\ 

Colog I/Io 

A 

Colog I/I, 

465 

0*23 

425 

0*41 

460 

0*68 

420 

0*29 

440 

0*69 

410 

0*30 

430 

0*44 

405 

0*23 
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[AddenSium^ Decernbety 1924. — furtlier investigation has been made of the 
porphyrins derived from chlorocruorin. 

Chlorocruoroporphyrin was first prepared by NencH’s procedure for the 
preparation of haematoporphyrin.* Diluted Spirographis blood was treated 
with acetic acid (1 part) plus ether (3 parts)* The acetic was washed out with 
water and the remaining ether solution of chlorocmorohaematin was evaporated 
to dryness. The residue (with some sodium sulphite, to prevent oxidation of 
the porphyrin) was dissolved in hydrobromic-acetic acid. The porphyrin thus 
formed was driven by sodium acetate into ether and then taken back into 
hydrochloric acid (1 part HCl plus 2 parts water). Haematoporphyrin, for 
comparison, was prepared from haemin with hydrobromic-acetic acid. The 
axes of the bands of the two porphyrins (both in HCl, 1 in 3), measured with 
Hartridge’s reversion spectrometer, were as follows : — 


Nenoidl’s haematoporphyrin 

593 

549 

Chlorocruoroporphyrin (Nencki’s method) 

613 

653 



H. Fischer and 0. Schumm (^ Zeit. Physiol. Chemie/ numerous publications 
in recent years) have added much to our knowledge of porphyrins. They show 
that porphyrins fall into two groups. 

Group I comprises porphyrins insoluble in chloroform. It contains : 
(1) Coproporphyrin, extracted from human faeces and from yeast by ether- 
acetic acid (Fischer and Schneller, ^ Zeit. Physiol. Chemie,’ vol. 130, p. 302 
(1923), and Schumm, vol. 136, p. 243 (1924) ) ; (2) Uroporphyrin, found in 
pathological human urine (Fischer, ‘ Zeit. Physiol. Chemie," vol. 97, p. 125 (1916), 
and Schumm, he, cit,) ; and (3) Turacin, the Cu salt of a porphyrin, found in the 
feathers of certain birds (Fischer and Hilger, ‘ Zeit. Physiol. Chemie/ vol. 128, 
p. 167 (1923) ). Coproporphyrin is the porphyrin derived from a part of 
cytochrome (Keihn, loc. dt). Cytochrome is present in relatively considerable 
amounts in yeast and in bacteria. Cytochrome (in yeast) gives, in addition, a 
porphyrin of Group II (Fischer, ‘ Zeit. Physiol. Chemie,’ vol. 138, p. 288 (1924) ). 

Group II is formed by porphyrins soluble in chloroform. It contains (1) the 
porphyrin prepared from reduced haemoglobin in whole blood by the action of 
HCl (Laidlaw, ‘ Journ. Physiol.,’ vol. 31, p. 467 (1904), and Schumm, ‘Zeit. 
Physiol. Chemie,’ vol. 132, p. 34 (1924) ) : (2) Kammerer’s porphyrin, extracted 
from putrefying blood by ether and acetic acid (Fischer and Schneller, ‘ Zeit. 
Physiol, Chemie,’ vol. 130, p. 302 (1923) ) ; (3) Papendieck’s porphyrin, obtain- 

* I am, indebted to Mr. R. Hill of the Biochemical Laboratory, Cambridge, for 
valuable hdp. 
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able from fsBces after a meat meal (Papendieck, ‘ Zeit. Physiol Chemie/ vol. 128. 
p. 109 (1923) ) ; and (4) Ooporphyrin, extracted by HCl from egg-shells (Fischer 
and Kogl, ‘ Zeit. Physiol Chemie/ vol 131, p. 241 (1923) ). 

The following table shows the wave-lengths of the band-axes of the principal 
. of these porphyrins : — 


Porphyrin. j 

Reference. 

Axes of bands in (xfi. 

In ether. 

In 26 per 

1 cent, HCl. 

GrEOUP I. 




Coproporphyrin 

Riacher and Sohneller, ‘ Zeit. 
Physiol. Chemie,’ vol. 130 

624 571 628 499 

694 663 

Ditto 

Sohumm, *Zeit. Physiol. 
Chemie/ vol. 136 

623 569 526 495 

693 550 

Geottp II. 




Laidlaw*a porphyrin 

Schumm, ‘Zeit. Physiol. 
Chemie/ vol. 132 

631 676 536 602 

602 667 

Kammerer’s porphyrin .... 

Pischer and Sohneller, ‘ Zeit. 
Physiol. Chemie/ vol. 130 

633 675 633 498 

602 667 

Odporphyrin 

Fischer and Kdgl, ‘Zeit. 
Physiol. Chemie/ vol. 131 

631 681 637 602 

603 657 

> 


I next submitted chlorocruorin to a modification of Laidlaw's procedure for 
porphyrin preparation, Spirographis blood was treated with ether-acetic acid, 
the resulting chlorocruorohsematin was taken into sodium carbonate solution 
and reduced with hydxosulphite. In a current of COg, cone. HOI was then 
added. The porphyrin thus formed was driven by sodium acetate into ether, 
and then taken back into HCl (I in 3). For comparison. (1) the porphyrin from 
hflemin was prepared by a similar modification of Laidlaw’s method, and 
(2) ooporphyrin was extracted from egg-shells with HCl The measurements 
of the bands with Hartridge’s spectrometer are given below : — 



Axes of bands in fifi. 

In ether. 

In 1 part cone. HCl 
+ 2 parts water. 

Porph 3 ?Tin from hsemin 

632 S86 536 503 
634 687 636 604 
641 580 653 612 

600 555 

601 656 

614 659 

Ooporphyrin 

Porphyrin from chlorocruorohsematin 



It is seen that the bands of the porphyrin from chlorocruorin are situated con- 
siderably to the red of those of any of the above-mentioned porphyrins. This • 
new porphyrin resembles the members of Group II in being soluble in 
chloroform.] 
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Effects of Ultra-Violet Radiation upon Involuntary Muscle, and 
the Supposed Physiological Interference of Visible Bays. 

By Y. Azuma. and Leonaed Hill, F.R.S. 

(Received November 11, 1925.) 

(From the National Institute for Medical Research.) 

It was shown by Adler (1) that involuntary muscle is excited and its tone 
increased by radiation with ultra-violet rays. The excised frog’s stomach, 
the bladder and the uterus of the rabbit, and that of the guinea-pig, were 
suspended by him, each in a suitable salt solution, and excited by the mercury 
vapour lamp. With a glass screen interposed no result was obtained, the 
visible and longer ultra-violet rays, e-gr., those longer than about 3200 A.U., 
having no exciting efEect. 

There may be recalled the old observation of Lambert (1760) that the 
excised iris of fish and frogs reacts to light by contraction ; the visible rays 
in this case act through the pigment which absorbs them (Steinach, Hertel). 
Contraction of the pigment-free ventral band of the earth-worm can be pro- 
duced by ultra-violet, but not by visible rays. On the other hand, visible 
rays excite the pigmented ventral band of Sipumulm nucleus (Hertel, 2). 
Probably the nerve plexus is excited by the conversion of visible rays into 
heat in the pigment cells which absorb these rays. 

According to Adler, ultra-violet rays must act directly on involuntary 
muscle, because they equally excite organs which are normally inhibited by 
excitation of the sympathetic nerve supply and those which are excited by 
this means ; moreover, emetin arrests the excitation of involuntary muscle 
by ultra-violet radiation, and this is believed to act on the muscle (Pick and 
Wasicky, 3). Involuntary muscle sensitised by hsematoporphyrin, or eosin, 
is thrown into a state of increased tone by visible rays, these rays beii^ 
absorbed by tissue which has combined with the sensitising substances. 

It is of interest to note that 0. Bernhard observed in man increased peri- 
stalsis of the bowel, in cases of laparotomy directly exposed to the sun^ and 
even with intact abdominal wall when this, was thin, or in which there was an 
abdominal hernia. 
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A, Eidinow and L. Hill have observed the active peristalsis of the exposed 
bowels in rabbits put under the mercury vapour lamp, and suggest that such 
radiation might possibly be useful in preventing paralysis of the bowel move- 
inentj which so often results from operation on the abdomen. The bowels 
might be radiated suiBGloiently to start active peristalsis before closure of the 
wound. 

D. T. Harris (4) has claimed recently that while the ultra-violet rays, using 
blue uviol glass as a screen, excite, these rays plus the visible rays coming 
from the naked mercury vapour lamp do not excite the frog’s stomach, and 
in consequence puts forward the view that there is a physiological interference 
between the visible and ultra-violet rays. A. Eidinow and L. Hill thought 
they had obtained some evidence that infusoria moved actively a little longer 
when radiated with ultra-violet visible rays than with the latter alone, 
but further research showed them that immobility took place after the same 
duration of exposure in both cases, and that there was no evidence of physio- 
logical interference, a conclusion which was confirmed by observations of 
Argyle Campbell and L. Hill (6) on the circulation in the exposed mesentery 
of frogs and mice. Hess (6) has put forward evidence in favour of physiological 
interference derived from the use of glass screens, one of which transmitted 
ultra-violet rays, and the other these rays (claimed to be the same) together 
with visible rays. Longer exposure each day to the mercury vapour lamp 
was required to protect *rats, fed on a deficient diet against rickets, when the 
second screen was used, than was necessary in the case of the first screen. 
It is, however, impossible merely by spectrograph photographs to determine 
whether the ultra-violet intensity was the same in the two cases, and the most 
probable explanation of Hess’s results was inequality of ultra-violet intensity. 

In the present research, the following organs were investigated: frog’s 
stomach and large intestine, rabbit’s large intestine, guinea-pig’s non-pregnant 
uterus and large intestine. 

The apparatus used consisted of a small chamber bounded by a quartz 
plate on one side and a glass plate on the other side, each 3 mm. thick. This 
chamber was filled with 20-30 c.c. of a suitable nutritive fluid, and in this 
the preparation was suspended, attached below to a glass hook and above to 
one arm of a light lever, the other arm of which was fitted with a suitable 
style which wrote upon a smoked drum. Oxygen was bubbled through the 
nutritive solution, and in the case of manomalian organs this was kept at body 
temperature by immersing the lower half of the chamber in a bath of warm 
water. 
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For the frog’s laige intestine we used Tyrode’s solution. 


(1) NaCl 

6-5 

(2) NaH 2 POt 0-05 

KCl 

0-2 , 

NaHCog 1-0 

Cads 

0*2 

H 2 O 200*0 

MgCl 2 

0-1 


H 2 O 

800 



( 1 ) and ( 2 ) being mixed shortly before use. 

For the mammalian organs we used a solution with the following com- 
position : — 

NaCl 9 
Xa 0‘42 

CaCl2 0-24 

Mga2 0-005 

NaHCos 0-5 

dextrose 0*5 

H 2 O 1000 

For the frog’s stomach this solution was diluted so as to give a concentration 
of 0*6 per cent. NaCL We find that the presence of calcium is necessary for 
the increase of tone produced by ultra-violet rays. 

As source of ultra-violet rays we used a Kelvin, Bottomley and Baird water- 
cooled mercury vapour lamp, with and without a blue uviol glass screen. The 
lamp tabes 2-6 ampere and 100-110 volts across the electrodes. As the 
source of visible rays, we used a small 6 -ampere carbon arc, fitted with a 
focussing lens, and cut out those ultra-violet rays which are biologically active 
by passing the light through the glass side of the chamber, inteqK)sing a water 
screen to remove the dark heat rays. 

The visible rays had no effect on the tone or rhythmical contraction of any 
of the organs investigated, under normal conditions, but excited increased 
tone when the organs (e. 5 ^., large intestine of frog, uterus of guinea-pig) were 
sensitised mth hsematoporphyrin 1 : 100,000 to 1 : 60,000. The tone then 
increases to a maximal degree and persists, all rhythmical contraction ceasing. 
The hsematoporphyrin had no effect so long as the organs were shaded from 
light. Eosin 1 in 10,000 had poisonous effect on the large intestine of the 
frog, and this prevented the above sensitising effect on the tone being 
manifested. 
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The effect of uUm-violet rays.— Sine uviol glass lets through, the blue end of 
the visible spectrum, the longer ultra-violet rajs, and some of the biologically 
active ultra-violet rays, viz., rays shorter than 3100 ; but it both cuts out the 
shorter rays and cuts down the intensity of thq middle ultra-violet rays very 
greatly. Thus, the mercury vapour lamp screened by blue uviol glass takes 
about ten times as long to kill infusoria in a quartz cell, as when not so screened. 
The frog’s stomach, used by D. T. Harris in his observations, we found to give 
very irregular spontaneous contractions and alterations of tone, and, therefore, 
to be far less suitable for an investigation on the supposed physiological inter- 
ference of visible with ultra-violet rays than the other organs studied by us. 
In most cases irradiation through blue uviol glass produced no effect On the 
stomach, while that with the .unscreened mercury vapour lamp excited 
increased tonus. 

No evidence of a physiological interference between visible and ultra-violet 
rays was found by us, but many experiments failed to be convincing owing 
to the lack of response or to the irregular spontaneous contractions and relaxa- 
tions of this organ. The frogs we used were summer and autumn ones. The 
large intestine of the frog, on the other hand, is an excellent organ, most reliable 
in its behaviour, and offering a thin surface for the action of ultra-violet rays 
in contrast to the thick-walled stomach. 

With the blue uviol glass screen the ultra-violet rays slightly increase the 
tonus of this organ, and the frequency of the natural rhythmical contractions, 
while the unscreened mercury vapour lamp strongly increases the tonus, and 
these effects are not at all inhibited by concomitant illumination of the intestine 
with visible rays from the carbon arc. 

The guinea-pig’s non-pregnant uterus sometimes does not respond to radia- 
tion through blue uviol glass, and sometimes shows increased tonus, while with the 
unscreened mercury vapour lamp a largely increased tonus results, with at 
first greater frequency of rhythmical movements, but ending in a state of tonic 
contraction. Here, again, visible rays from the carbon arc had no inhibitory 
effect upon the exciting effect of the rays from the mercury vapour lamp. So, 
too, with the large intestine of the rabbit and guinea-pig. Like results were 
obtained with fourteen preparations of uterus and eighteen of large intestine. 

Our conclusion then is directly negative to that of D. T. Harris. No physi- 
ological interference occurs between visible and ultra-violet rays. Further, 
if visible and dark heat rays together are concomitantly thrown with the ultra- 
violet rays, upon the large intestine or uterus, which are kept cool by irrigation, 
we find no interference occurs. 
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Fig. 1 —Frog’s stomacli. a-h, M.V.L. through ordinary glass. 6-c, M.V.L. through blue 

uviol glass, c-e?, naked M.V.L. 



Fig. 3.- — Guinea-pig’s uterus, or-hy C. Are through ordinary glass ; c-d, M.V.L. through 
blue uviol glass ; d-e, naked M.V.L. €, drum stopped — relaxation followed slowly. 
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Fig. 4— Guinea-pig’s uterus, a-6, M.V.L. through blue u-viol glass + C. Arc through 
ordinary glass f 6, C. Arc off, M.V.L. through blue uviol glass ; o-d, naked M.V.L. 





Mq. 5.— Babbit’s large intestine, a-6, G. Arc through ordinary glass ; 6-c, naked M.V.L. 



Big. 6.— Babbit’s large intestine, ci^e, M.V.L. through blue uviol glass ; e-/, naked 
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Fig. 7.— Guinea-pig’s uterus sensitized by 1:100,000 h^matoporphyrin solution, a-6, 
C. Arc througli ordinary glass. 
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Fig 8— Frog’s rectum, a, 1 : 2,000,000 adrenalin hydrochloride solution ; 6-c, M.V.L. 
through ordinary glass ; o-d, M.V.L. through blue uviol glass ; d-e, naked M.V.L. 
Time in minutes. 



9.— Frog’s rectum, a, 1 : 2,000,000 adrenalin solution and simultaneous irradiation 
with the naked M.V.L. (ci^&)- 
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Fig. 10. — ^Frog’s rectum, a, 1 : 40,000,000 adrenalin solution which had been irradiated 
with the M.V.L. in a quartz flask for two hours. Time in minutes. 



Fig. 11.— 1 : 40,000,000 adrenalin solution which had been irradiated in an ordinary- 

glass flask. Time in minutes. 



Fig. 12.— a, 1 : 2,000 emetin hydrochloride ; 6-c, naked M.V.L. Time in minutes* 





229 


Ultra- Violet Radiation upon Involuntary Muscle, 

We have found that, while the large intestine of the frog is relaxed by 
adrenalin hydrochloride 1 : 2,000,000, this relaxatioD is antagonised by irradiation 
with the mercury vapour lamp. If the intestine be in a state of tonic 
contraction excited by the lamp, adrenalin has no relaxing elBEect ; relaxation 
is slight if the intestine be exposed to adrenalin and the lamp at one and 
the same time ; the intestine relaxed by adrenalin recovers tone rapidly 
when radiated. 

By rotating adrenalin (1 in 40,000,000) in a quartz flask (water-cooled) in 
front of the mercury vapour lamp, it becomes oxidised and reddish in colour, 
and loses a large part of its relaxing power. 

Emetin 1 in 2000 stops the rhythmic contractions of the large intestine — 
an irreversible effect and radiation does not then excite. Emetm solution 
fluoresces strongly, but does not absorb the biologically active rays. 

Figs. 1-12 illustrate the above results. 


Summary, 

. No physiological interference is produced by dark heat or invisible rays with 
the exciting action of ultra-violet on involuntey muscle. The action of ulti^- 
vadtetrays antagonises that of adrenalin on involuntary muscle, but not that of 
emetin. The presence of calcium in the nutritive fluid is necessary for the 
inca^ase of tone produced by ultra-violet rays. 

We are indebted to Dr. H. H. Dale for advice in the method of recording 
the contractions of the guinea pig's uterus. 
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The Early Development of Gavia : Note on Associated Remains 
of Previous Placentation. 

By Noeman- E. W. Maclaeen. 

(CoBamnnioated by Ptof. T. H. Bryce, P.R.S. — ^Received November 18, 1925.) 
(From tbe Embjyologioal Laboratory, Anatomy Department, University of Glasgow.) 

[Plate 2.] 

Wbile investigating the early development of Cavia, some phenomena 
were observed which, when considered with reference to the implantation 
of the ovam, seem to be of very considerable significance. It is not proposed 
in this preliminary note to deal with the actual implantation process in Cavia, 
but simply to describe and illustrate these remarkable appearances and 
briefly to explain their origin. 

Pig, 1 (Plate 2) is a young blastocyst* with the Eona intact, lying, as free 
blastocysts usually dop in a slight and partial pouch of the ante-mesometric 
wall of the uterine cavity. It is noticeable that there is no reaction in the 
maternal tissues. Fig. 2 is a slightly older blastocyst with the zona now 
gone, and the central mass differentiated feom the trophoblastic mass or trdger. 
Btere, also, there is no reaction in the maternal tissue. These two embryc^ 
may be regarded as normal, and are two out of a considerable series in my 
possession. They' definitely demonstrate the fact that implantation does not 
occur at a stage that is any younger than that represented by the elder of 
these two. 

The appearances to which it is desired to draw special attention are repre- 
sented in figs. 3, 4, 6 and 6. These belong to a numerous group of structures, 
which vary a good deal, both in size and in character, but can all be shown 
to be placental fragments, which have lingered from the pre^ous pregnancy, 
and are either in process of being thrown off by the regenerating epithelium 
or included by it, as tiny bodies which will eventually degenerate and disappear. 

The similarity that some of these bear to actual embryos is at first per- 
plexing. The section shown in fig. 4, for example, when examined alone out 
of its series is very deceptive. A group of cells lies next the thinned-out 
epithelium, while the sub-epithelial maternal tissue shows what looks like a 
distinct “reaction."" When, however, the whole series is examined, the 
group of cells proves to be nothing more than a small placental fragment in 
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process of extrusion, while the reaction area is merely a piece of an old 
placental site. 

As is to be expected, these placental remnants are most frequent on the 
mesometric side of the uterus, i.c., the side to which the placenta was attached. 
Figs. 3, 5 and 6 are from that position. But quite frequently one finds them 
lower down in the ante-mesometrium (fig. 4), a fact no doubt to be accounted 
for by the relatively enormous size of the full-grown placenta. 

Bodies of this nature do not seem to have been previously recognised in Ca via, 
and their possible presence in the same uterus as normal embryos necessitates 
careful discrimination. As was to be expected, I have not found any trace 
of such structures in the virgin uterus. Traces of them are still to be found 
at the 76th day after parturition. 

BESCRIPTIOK OF PLATE 2. 

Fig. 1. — blastocyst lying free in a pocket of the uterine cavity. The zona radiata is 
intact, three cells from the corona radiata are still adherent to it. The trophoblast 
consists of a peripheral lay^er with a thickening at one pole. ( X 200.) 

Fig. 2. — ^A slightly older now bipolar blastocyst free in the uterine cavity. The zona 
radiata has disappeared, only traces remaining. The central cell mass is now 
distinct. The trophoblast is thickened at one pole of the blastocyst (the future 
ira^r). ( X 200.) 

3. — ^Knob of cells resembling an embryo lying in a pocket of the epithelium in the 
mesometric section of the uterine cavity. The sub-epithelial tissue shows a mass of 
cells sharply differentiated from the remainder of the decidua. In a neighbouring 
section the knob and the sub-epithelial mass are continuous as in fig. 5. The mass 
incMes cells with massive bodies and large nuclei and also cells in various stages 
of degeneration. These elements exactly resemble those met with in a section of t. 
shed placenta. ( X 200.) 

Fig. 4. — Similar to fig. 3, but from the lateral wall of the uterus. The epithelium forms a 
lamella beneath the knob of cells. In the sub-epithelial mass are seen nuclei of the 
large ceUs mentioned under fig. 3 ; also a mitotic figure which suggests reaction. 
The knob of cells occurs in 8 sections (10 /t thick). The sub -epithelial mass retains 
the form seen in this figure in 22 sections. ( X 200.) 

Figs. 5 axd 6 . — Sections through the mesometrical end of the uterine cavity. The sub- 
epithelial masses have the same characteristics as described under figs. 3 and 4. 
Butrin both the uterine epithelium is regenerated over t&e sub-^ithelial mass and 
appears to be cutting off a knob of cells corresponding to those seen in figs. 3 and 4. 
(X[200.) 
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Studies on the Relation of Gonadic Structure to Plumage Charac- 
terisation in the Domestic FowL — L Henny -Feathering in an 
Ovariotomised Hen with Active Testis Grafts, 

By A. W. Greenwood and F. A. E. Crew, Animal Breeding Research 
Department, University of Edinburgh. 

(Communicated by Prof. B. C. Punnett, F.B.S. — Beoeived Nov. 24, 1925.) 

[Plates 3 and 4.] 
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Introduction, 

. In certain breeds and varieties of the domestic fowl, e,g,, the Brown Leghorn, 
the adult plumage presents a sexual dimorphism in the kind and distribution 
of colour in the individual feathers, and in one or more of the seven areas in 
which plumage colour differences may distinguish breed from breed, and 
variety from variety, and also in the structure of the feathers of the neck and 
saddle hackles, and by the presence of the large tail sickles of the male. In 
other cases, such as the White Leghorn, the sexes are to be distinguished only 
by the structural differences in the hackle feathers and by the large tail sickles 
of the male. In the case of certain other breeds, the Campines and the Sebrights, 
for example, the plumage of the male is identical with that of the female both in 
colouration and in structure. 

Cocky-feathering in the case of such varieties as the Brown and the White 
Leghorns can be regarded as a trustworthy indication that within the body 
there is, or was at the time when the plumage was developed, active functional 
testicular tissue ; henny-feathering as an indication that there is, or was when 
the plumage was developed, active functional ovarian tissue. Gonadectomy 
in both sexes is followed after a moult by the assumption of a plumage which 
has the colouration of that of the male of the variety to which the bird belongs,, 
whilst the barbules in the distal portions of the feathers of the hackle regions 
are absent, also a characteristic of the cocky-feathered male, but the plumage 
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is mucli looser and far more luxuriant in its growth ; the plumage characters 
of the capon and of the poularde are exactly alike. Since this is the case, it is 
commonly argued that the gonads exhibit an endocrine function, the ovarian 
hormone possessing the facility of inhibiting the development of cocky-feather- 
ing. The fact that in the Campine and the Sebright the cock is also henny- 
feathered is explained on the assumption that in their functioning the testes 
of such a male are equivalent endocrinologically to the ovary of a hen. Such 
an interpretation is supported by the facts that castration of the* normally 
heimy-feathered cock is followed by the assumption of typical cocky-feathering ; 
that castration of the normally cocky-feathered male and subsequent successful 
ovarian implantation is followed by the development of henny-feathering ; 
and that, in such cases as have so far been recorded, successful testicular im- 
plantation in an^ ovariotomised hen has been followed by the development 
of a plumage of the cock (as opposed to that of the capon or poularde). There 
is imdoubtedly a considerable body of evidence, secured from careful experi- 
mentation, that supports the endocrine interpretation of the relations between 
gonad structure and plumage characterisation, and most biologists have accepted 
this interpretation. However, there are several facts concerning the fowl that 
cannot easily be reconciled to this hypothesis. The case about to be discussed 
in our opinion, severely questions its validity. 

Description of the Specime7h. 

The bird, one of the series used by Finlay (1925), was left by him with u 
because of its patent interest and importance, in order that a complete 
examination of it could be made. We wish to express our thanks to our late 
colleague for the pleasure that has been ours during the course of this study. 

The ovary of a Brown Leghorn female was removed when the chick was 
four days old, and immediately following this the chopped-up testes from 
a brother {i.e., a Brown Leghorn, and destined to become cocky-feathered) 
of the same age was inserted on the left side of the body cavity just anterior 
to the kidney. The operation was entirely successful, and the recovery 
uneventful. When the adult plumage was assumed, it was as that of the 
normal Brown Leghorn cock. The bird was a perfect specimen of the 
masculinised female, with large, erect comb, large earlobes, large pendulous 
wattles, and developing spurs, distinguishable from the real male only by 
the smaller size of its skeleton (Plate 3, fig. 1). Though it behaved as a male 
in its relations with normal hens it was sterile. At the age of seventeen 
months, following a complete moult, its plumage became as that of a Brown 
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Leghorn hen (fig, 2). In every other respect it remained as it had been 
before the monlt. It was kept imder observation for a further seven months, 
and during this time any feather replacing an older one was defimtely and 
entirely henny. 

At the time of the post-mortem examination, the comb, as large and as 
tiirgescent as that of a normal male of this variety, measured 10 X 7 cm. ; 
the wattles 6*5 X 5 cm. The spurs were 1*75 cm. long. The bird was 
entirely healthy and in excellent condition. 

Four masses of gonadic tissue were present — two on either side. On the 
left there was a large trdobed mass (fig. 3), two lobes of which were manifestly 
testicular, whilst the third when incised proved to be a sac distended with 
fluid resembling the male ejaculate. This mass was regarded as part of the 
testis tissue implanted two years previously. Ventral to this graft, which had 
so abuntantly multiplied itself, was a smaller mass in the noimal position 
of the gonad. This was regarded as an ovarian fragment left behind at the 
time of operation and thereafter enlarged. On the right side of the body 
a small bean-shaped mass of testicular tissue was attached to the mesentery. 
This was regarded as another survival of the testicular implantation. There 
was also a smaller mass of what appeared to be testicular tissue, measuring 
0*75 X 0*3 cm., in the gonad site close to the right adrenal, and regarded as 
a resuscitated right gonad. The four masses of gonadic tissue were removed 
for sectioning, after it had been demonstrated that on neither side did there 
exist any appreciable connection between the testicular tissue and the vasa 
deferentia, of which the one on the left was well developed with prominent 
convolutions in its caudal position, whereas that on the right side was much 
thinner and more delicate with no convoluted portion. It is noteworthy 
that following the implantation of testicular tissue and the differentiation of 
the right gonad into a testis the vasa deferentia became further developed, 
and also that the larger vas was on the side on which the greater mass of 
testicular tissues lay. No trace of an oviduct was found on the right, but on 
the left there was a small one, which had retained its infantile proportions. 

Histological Findings, 

The gonadic tissue was fixed in Allen’s Bouin at 38° C. Sections were 
prepared and stained by Heidenhain’s iron-altxm haematoxylin method. 

The posterior lobule of the large testis graft (fig. 3, a) was composed of a 
thin capsule filled with a milky fluid, which on microscopical examination 
was found to contain large numbers of motile spermatozoa. Sections of the 
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median and anterior lobules (fig. 3, b and c) revealed a typical testicular 
structure (figs. 4 and 5) consisting maialy of large swollen tubules packed 
closely together, in wbicb all stages of spermatogerdc activity were represented. 
Large numbers of mature spermatozoa were found in the central area of the 
tubules. The intertubular spaces were very restricted, and contained only 
a few cell elements, as is the case in the functioning testis of the normal cock. 
Among the tubules in which spermatogenesis was actively proceeding there 
were other tubules of varying sizes, with a somewhat thickened 'basement 
membrane which had a scanty lining of columnar epithelial cells. In many 
of these tubules the cells of the germinal epithelium had been desq^uamated. 
The cavity of the tubules was filled with fluid containing numerous mature 
sperm and much cell debris. Earlier stages in the degeneration of the 
spermatic tubules were represented by a few tubules in which the epithelial 
lining was regular. The component cell nuclei were all in the resting stage. 
The succeeding ceil layers towards the centre of the tubules were regular, but 
showed various stages in nuclear degeneration. Examination of the tissue 
ventral to this large testicular mass (%. 5, i>) revealed a typical ovarian 
structure (fig. 6). The ovariotomy had been incomplete. The ovarian tissue 
was definitely degenerate. On the surface of the mass were numerous clusters 
of cystic follicles of varying size containing a thin fluid, whilst embedded in 
its stroma there were one or two small oocytes of normal appearance (fig. 7). 
The stroma of the ovary was invaded by numerous cellular cords, between 
which strands of a deeply staining substance were found, which probably 
represented the final stage in the degeneration of some of the cords. There 
had been a heavy infiltration of masses of granulocytes in the peripheral 
regions of the mass. No evidence of the* differentiation of the cords iato 
tubules was encountered. 

The testis graft from the right side was found to possess a structure similar 
to that of the testicular tissue on the left. There were large swollen tubules 
in active spermatogenesis in which many mature sperm were present, and 
other somewhat smaller tubules with a distinct central lumen, and with a 
lining layer of germinal epithelium in which the meiotic phases were completely 
absent. Tubules packed with mature sperm and cell debris were also 
encountered. 

The tissue occupying the right gonad was divided up into four distinct 
areas by bands of fibrous tissue. There was a relatively large area 
composed wholly of tubules in active spermatogenesis ; all meiotic phases 
were rejnesented and numerous mature sperm were found in the central 
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regions of tlie tubules, wMch. were surrounded by a thick layer of fibrous 
tissue. 

A somewhat smaller area was composed mainly of young epithelial cords 
embedded in a connective tissue stroma. Scattered among the cords were 
a few small tubules with a well-marked central lumen, and wdth a layer of 
columnar germinal epithelium lining the basement membrane. These 
resembled in structure and general appearance the testicular tubules normally 
found in the immature cock. 

A third area was composed of separate lobules, which consisted either of a 
collection of young sex cords, enlarged sex cords and atrophic tubules (tubules 
with a scanty lining of epithelial cells with fibrillar protoplasm stretching across 
the central lumen), or entirely of atrophic tubules (fig. 8). 

At the periphery of this area was another consisting of large tubules charac- 
terised by the presence of a wide irregular lumen and a rather shallow columnar 
epithelial lining which resembled parovarian rather than spermatic tubules. 
Centrally, the area was composed largely of enlarged sex cords and tubules of 
an immature type similar to those already described. In this region the tubules 
were separated one from another by invading strands of fibrous tissue (fig. 9). 

Discussion, 

Here, then, is an individual born a female and subsequently masculinised 
by ovariotomy and testis implantation, in which there was a fragment of highly 
degenerate ovarian tissue and a mass of testicular tissue much larger in relation 
to the weight of the body than are the testes of the normal cock, and which, 
having been cocky-feathered previously, had later assumed the plumage 
characterisation typical of the normal hen of her breed and variety. 

It is reasonable to hold that the history of the gonadic tissue was as follows : — 

(ft 

(1) The ovarian tissue on the left side of the body was almost, but not quite, 
completely removed at the time of the operation. The portion left behind had 
continued to develop and had increased in size only to imdergo degenerative 
changes later. There was nothing in this tissue that could support any sugges- 
tions that there had been regeneration of ovarian tissue after complete ovari- 
otomy. The fact that a few oocytes of normal appearance were found can 
readily be explained on the assumption that there is a time seriation in the 
ripening of the follicles, and that follicular atresia occurs only when the follicle 
attains a certain minimum degree of development. The normal oocytes 
found are to be regarded as the last of those included in the ovarian fragment 
left behind at the time of operation. 
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(2) The right gonad of this bird had ceased its development and difierentia- 
tion on about the eighth day of incubation, as is the case in all female chicks. 
Following the removal of the left gonad, the difierentiated ovary, this right 
gonad had continued its development. Its differentiation, however, occurred 
under conditions of the internal environment quite distinct from those under 
which the left gonad had become ovarian in structure. These conditions were 
such as to encourage the differentiation of the developing yet still ambivalent 
right gonad into testicular tissue or /and as to discourage its differentiation into 
ovarian. Thus, though by virtue of its genetic constitution the component 
tissues of this right gonad were preferentially ovarian, they, being not yet 
completely differentiated, under the directing stimulus of the internal environ- 
ment, which may be defined as the peculiar state established by the action and 
interaction of the physiological processes of the body as a whole, became 
typically and functionally testicular. The fact that the previously atrophic 
right gonad, following ovariotomy in the hen, becomes a testis has been 
frequently recorded (Benoit, 1923 ; Domm, 1924 ; Pezard, 1918 ; Zavadovsky, 
1922). 

(3) The testis grafts had secured attachment and had flourished, xmdergoing 
a very considerable enlargement. To record the actual weight of the testicular 
tissue implanted and found post^-mortem is not of interest, in view of the fact 
that the size of the gonad of the fowl varies so very markedly with changing 
conditions. Mild sickness, for example, is attended by a marked decrease in 
the size of the gonad, and the change in size occurs with almost startling 
suddenness- It is enough to state that the mass of testicular tissue, in relation 
to the weight of the body, was greater than is that of the testes of the average 
normal cock. 

At the time of the assumption of the adult plumage this hen became com- 
pletely cocky-feathered. If no gonadic tissue had been present during the . 
critical period in the development of this plumage, this would have been as 
that of a poularde, cocky in colouratidn and structure, but as that of the 
agonadic bird in the length of the feathers, its looseness, and luxuriance. If 
at the beginning of this critical period no, or insufficient, gonadic tissue had 
been present, then the plumage would have started to develop the character- 
isation of the plumage of the poularde, but if shortly after this gonadic tissue 
of either kind, ovarian or testicixlar, had become sufficiently active, then 
though in its colouration an<^ structure the pluma^ would remain unaffected 
it would have become tighter and closer, to simulate exactly that of the 
cock. 



238 


A, W, Greenwood and F. A. E. Crew. 


It follows from this that at the critical time of the development of the first 
adult plumage ovarian tissue in the body was either absent or insufi&cient, 
and that almost immediately following this either ovarian or testicular 
tissues became sujQ&ciently active physiologically, or else that ovarian 
tissue was either absent or insufi&cient throughout, but that sufiicient 
testicular tissue was present either at the beginning or else immediately 
after. If the bird was a podarde, the plumage of which in the later 
stages of its development had become affected by the physiological 
activity of functional ovarian tissue, then after a moult the plumage would 
have become completely henny, as indeed* it did, the head furnishings would 
have always been as those of a female of this breed and variety, which they 
were not, and only ovarian tissue would have been found at the time of death, 
which was not the case. Both ovarian and testicular tissues were found post- 
mortem, and it is, therefore, reasonable to hold that during the critical period 
in the development of the first adult plumage the ovarian fragment was insuffi- 
cient to affect its differentiation, and that before the implanted testicular tissue 
could exert any influence it required a certain time to secure vascular connec- 
tions and to increase in size. The first adult plumage began its differentiation 
in an internal environment equivalent to that of a poularde, but the testicular 
grafts, having secured a hold and fiiourished, came into play in time to tighten 
the plumage and limit its growth. The plumage became cocky, the head 
furnishings as those of the typical male. 

Since during the first year of its life the sporadic moulting of individual 
feathers was followed by the development of others typically male in colour, 
there was never any reason to assume that there was any ovarian tissue at all 
or any considerable amount of this in the bird. Yet following the annual moult 
the entire plumage became completely henny, though the head furnishings 
remained as those of the male. In the case of such a variety as the Brown 
Leghorn the only gonadic condition which is associated with henny plumage 
and male type head furnishings and behaviour is that of ovarian tumour in 
.the hen. Post-mortem examination revealed no such tumour but a very large 
amount of functional testicular tissue. There is no reason whatsoever for 
suggesting that the condition of the gonadic tissues at the time of the 
development of this plumage was essentially different from that found at the 
time of death. There perhaps may have been rather more than less testicular 
material and slightly more ovarian, but essentially the condition of the 
gonadic tissues was as that found post-mortem. 

If this is indeed the case, it is necessary to explain the association of abundant 
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testicular tissues and henny-feathering. It was not testicular material from a 
normally lienny-featliered cock that had been implanted, so that this argument 
is not available. It would seem that the only explanation that can fit the 
facts is that which postulates that ovarian and testicular tissues, in respect of 
their own individuation, exert deman(fe upon the general economy of the 
same kind, but different in degree ; that the functioning of an ovary is 
physiologically more expensive than is that of the testes (Smith, 1910), 
and that it is possible to supplement the demands of the testes so that 
they become equivalent to those of the ovary. Such a metabolic hypothesis 
is in general agreement with the conclusions of Eiddle (1925) concerning 
the phenomena of sexual differentiation, and is in line with the much older 
one of Thomson and Geddes (1889). It has been shown by Finlay (1925) 
that if in the body of either a cock or of a hen both functional ovarian 
and testicular tissues are present in any considerable amount the plumage 
is henny (though it is to be noted that, in the case of the Brown Leghorn, 
this henny plumage is distinctly more highly coloured, particularly in its red, 
than is that of the normal hen of this variety). This can readily be explained 
on the hypothesis suggested ; the augmentation of ovarian tissue produces no 
effect, since the plurnage cannot become more than henny, whereas the augmen- 
tation of testis by ovary raises the demand of the gonadic tissues upon the body, 
and this, possibly working through the medium of the thyroid, as previously 
suggested by one of us (Crew, 1925), is reflected in the change in plumage charac- 
terisation. Experiments now being undertaken by the present writers are 
demonstrating that it is possible to get henny-feathering in the normally cocky- 
feathered male by augmenting the bird’s own testes by abundant testis grafts 
from other and normally cocky-feathered sources. 

It is reasonable to assume, therefore, that the hen now being described 
became cocky-feathered because in her body was functional testicular tissue, 
and that she then became henny-feathered because at the time of the develop- 
ment of the second adult plumage there was more active gonadic tissue? 
mainly, if not wholly, testicular in the body, than is usual in the bird (male 
and female) that assumes cocky-feathering. No appeal to a legitimate 
endocrine hypothesis can find accommodation for all the facts. 

The expenses incurred during the course of this study ' were met out of 
a grant made to one of us by the Government Grants Committee of the Boyal 
Society. For this we wish to express our thanks. 
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S^Trmmy. 

1. Into a Brown LegTiorn hen, ovariotomised when four days old, the testes 
of a brother were implanted. The bird first assumed the plumage characteri- 
sation of the cock, but after a general moult her plumage became as that of a 
hen. Post-mortem examination revealed a small fragment of degenerate 
ovarian tissue left behind at the time of operation, an active right gonad of 
testicular structure, and abundant testicular tissue which had developed from 
the grafts. 

2. The situation is discussed and reasons given for holding the opinion that 
ovarian and testicular tissues in respect of their own individuation exert 
demands upon the general economy of the same kind, but different in degree ; 
that the functioning of an ovary is physiobgically more expensive than is that 
of the testes ; and that it is possible to augment the demands of the testes 
until they become equivalent to the ovary. 

3. It is suggested that this hen became cocky-feathered because in her body 

at this time there was activ'e testicular tissue, and that she later became henny- 
feathered because the amount of testicular tissue had become greatly increased 
and had exerted demands upon the body equivalent to those of an active 
ovary. * 
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DESCRIPTION OE PLATES. 

Plate 3. 

1. — Photographed at 12 months. The developing spurs are not seen because of the 
unsatisfactory pose of the bird. 

Fig, 2. — ^Photographed at 17 months. The spiral band removed from the right leg m 
order to show the spur. 

Fig. 3. — Left testis graft (natural shse). 

Fig. 4, — Secfcn of left testis graft at B (fig. 3) sho'v^ing tubules in. active spermatogenesis. 
X 50. 

Plate 4. 

Fig. 5. — Section of left testis graft at C (fig. 3) shoeing large cysts filled with sperm and 
tubules in ao^tive spermatogenesis, x oO. 

Fig. 6. — Section of ovarian fragment at I> (fig. 3) sho’w ing abundant cystic follicles, x 15. 
Fig. 7. — Higher magnification of previous section at E (fig. 6) to show an occasional normal 
follicle. X 190. 

Fig. 8. — Section of right gonad showing localised area of atrophic tubules. X 190. 

Fig. 9. — Section of right gonad. At F are seen par-ovarian tubules. The bulk of the 
section consists of sex cord tissue. X 55. 


The Induction of Melanism in the Lepidoptera and its Subsequent 

Inheritance. 

By J. W. Heslop Harrison, D.Sc., and F. C. Garrett, D.Sc. 
(Communicated by Prof. E. W. MacBride, F.R.S.— Received November 27, 1925.) 

I- — Introductory, 

The question of melanism in the Lepidoptera is of paramount importance 
inasmuch as this is oile of the few recognizable evolutionary changes which 
have occurred in Nature in recent times and, for the most part, before the 
eyes of the present generation. 

Moreover, the change is not slight. Wherever melanism arises we see large 
numbers of species in groups widely separated systematically, developing forms 
in which white, ochreous and similar ground colours are replaced by black and 
blackish browns. Once initiated in a species, this transformation is pro- 
gressive and often exceedingly rapid ; frequently the whole of the individuals 
of the affected species become melanic in an incredibly short period. For 
example, in 1898 the (Jeometrid moth, Ypsipetes (Larentia) triJasGiata, was 
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quite typical everywhere in North Durham, yet, in 1910, every specimen 
captured or hred from wild pupse— and over four hundred were examined— in 
that district belonged to the black variety, 7iigernma Harrison ; and this is 
typical of many similar cases. 

furthermore, the necessity for investigating the origin and spread of melanism 
becomes still more imperative when one recogmses that its incidence is, in some 
way or other, bound up with the industrialisation of the affected area. 
Of course, admitting as it does the possibility of the Lamarckian factor in 
evolution, this connection is minimised by those rejecting Lamarckian views, 
but every worker who approaches the problem in the field ends by emphasizing it. 
Hasebroek (1925), for instance, gives one of his papers the tftle “ Die prinzi- 
pieUe Loesung des Problems des Grossstadt- und Industriemelanismus der 
Schmetterlinge ” ; Ule (1925) says “ Es besteht ein Zusarnmenhang mit 
Industriel-gebieten,”* and even Doncaster (1906) writes : The fact that in so 
many cases the progress of the change has taken place in, or near, manufactur- 
ing centres naturally suggests a relation of cause and effect,” and the circum- 
stance that, “ after their appearance on the Continent, these forms have especially 
established themselves in the neighbourhood of Crefeld, the ‘ Black Country ' 
of Germany, supports the same conclusion.” 

Lower down, however, the same writer continues, “ In several cases melanics 
have become prevalent in quite rural localities.” In the latter case, Doncaster 
clearly had in mind apparently isolated centres of melanism, such as that near 
Wateringbury, Kent. But even this case falls into the same category as the 
others, for the woods in which the Kentish melanic forms of Tephrosia con- 
somna and Boarmia consortaria originated receive huge clouds of smoke from 
the Medway cement works, and display to the full the characteristics of a wood, 
whether on Tjmeside or elsewhere, subjected to smoke action. Personal 
examination of these woods has satisfied us that lichens have vanished, or are 

i 

reduced to the immature granulose condition, whilst liverworts and mosses are 
decadent. 

It seems unnecessary to emphasize here the conditions obtaining in melanic 
areas generally, for that has aheady been done by one of us in a former paper 
(Harrison, 1920), In the same publication it was urged that the presence of 
metallic salts, contaminating the food plants in manufacturing and urban 

* The same writer, discussing the black variety carhonaria {doubledayaria) of Amphi- 
dm^8 heUUria, very significantly remarks, “ Es erfolge keine Eiiwanderung von England 
auf den Kontinent ; A, beiularia L. /, carbonaria Jord. ist vielmehr selbstandig anf dexn 
Festland entstanden.” 
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areas, miglit not only in itself affect the germ plasm, so as to produce heritable 
melanism, but in addition might stimulate it, when once induced, to its maximum 
expression. 

If such be indeed the exciting agents it seemed quite easy to devise decisive 
experiments. Two distinct lines of attack lie open : (1) hTon-melanic strains of 
lepidopterous insects could be brought from unaffected into melanic areas and 
there fed on the local food plants ; or (2) food-plants could be artificially 
charged with certain of the metallic constituents of factory smoke, arbitrarily 
chosen, known to be of frequent occurrence in or on contaminated foliage, and 
insects fed on such food in non-melanic regions. Both of these methods were 
adopted, the salts selected being lead nitrate and manganous sulphate. 

The former salt was chosen, because it is well known that lead, in small doses, 
has a great physiological effect, and the latter because the numerous oxides 
of manganese are so readily transposed by oxidation and reduction that its 
reactions are peculiar. Moreover, in the case of manganese, direct estimation 
of the manganese content of hawthorn leaves (upon which so many of the melanic 
insects of the Tyne valley feed) shows a progressive diminution as we pass west- 
ward from Newcastle-upon-Tyne. 

When cut twigs of hawthorn are placed in a dilute solution of a metallic 
salt the latter is readily and quickly absorbed. As a rule, three parts of the 
salt in a thousand of water will not cause plasmolysis ; but it was soon dis- 
covered that in warm weather, when transpiration was rapid, with manganese 
salts a brown deposit — ^probably one of the oxides — ^forms in the tissues of the 
leaves, the foliage becoming hard and not readily eaten by larvae. A solution 
of one gram per litre does not produce this effect, and sprigs of hawthorn with 
their cut ends immersed in it retain their freshness about as well as in pure 
water. Solutions of tins strength were, therefore, used throughout these 
experiments. 

It is, of course, essential that the whole of the food should contain the salt, 
and the speed with which the twigs become charged had to be determined. 
It was found that when the cut end of a twig, about 40 cms. long, was 
placed in a solution of lead nitrate (one gram per litre) the lead could be 
found in the upper portion in about- 24 hours. The rule adopted, therefore, 
was to treat the food for about twenty-four hours before use, and to place 
the solution in the vessels of the cag^ in which the larvae were fed. 

The next problem was the choice of suitable insects for our purpose ; not all 
lepidoptera are suitable, and for diverse reasons. The ideal insect must pass 
several tests ; it must (1) be easy to rear in captivity, (2) be bivoltine, (3) hiber- 
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nate as ova or pupae, and (4) its food plant must be easy to obtain and to keep 
fresb in a cut state. 

These requirements are satisfied by Selenia bilunaria, Esper, and Tephrosia 
{Edropis) bistortata, Goeze, both of which had been employed by one of us in 
previous work. These two species therefore supplied our raw material, although 
T. orepusmlaria, Bkh., was also used in the preliminary experiments. 

Of these three species — ^all Geometridae — Selenia hilunaria (the Early Thorn) 
is quite common in the British Isles, and collectors take or rear great numbers 
every season, but no melanic form has ever been taken wild ; it appears liable 
to remarkably slight variation, other than that differentiating the summer 
brood, jidiaria, Haw., from the typical spring brood. On the other hand, 
melanic forms of Tephrosia bistortata (the Engrailed) have been reported from 
Wales, but not from England or Scotland. In the case of its congener 
r, crepascidana (the Small Engrailed) melanic forms are prevalent in many 
industrial areas in England and Wales, and on the Continent. In our district 
(South Northumberland and North Durham) neither crepuscularia nor bistor- 
tata is melanic, nor does either approach very closely to the smoke zone 
further, both are single-brooded here. But, and this is very important, wherever 
closely-allied forms, such as Boarmia repardoM L. and B. gemrmria, Brh.,. 
reach the I^e, they are quite black, and in South Durham, where T. crepus- 
cidaria comes within the sphere of influence of Dinsdale Iron Works, its melanic 
form delameremis B.W. appears. 

II. — The Experiments, 

We began with Selmia bUunaria from Kent and Sussex, Tephrosia bistortata 
from Kent, Hampshire and North Yorks, and T, crepuscularia from Kent, 
some being reared at Birtley, a district producing great numbers of melanic 
forms, and others at Hexham, where melanism occurs to a slight extent, and 
is of the infiltrated order. The treatment accorded to the individual broods 
win be stated as each is discussed. 

Early Experiments, — ^Before the main experiments were undertaken certain 
preliminary ones had been carried out, and these we shall describe briefly. 
These commenced with insects of typical strains of Selenia hilunaria from the 
south, fed on wild plants at Birtley in 1918. At that time there were in Birtley^ 
in addition to its usual industries (coal mines, iron and brick works), enormous 
munition works which poured forth, day and ^night, huge clouds of smoke 
containing copper, zinc, arsenic and other substances. In consequence, all 
foliage was contaminated to an unprecedented degree, and so serious were 
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the effects, that allotment holders took concerted action to get the nuisance 
diminished. 

Under such conditions, and on food gathered by the roadside, were the 
progeny of the southern moths reared for two generations. In 1919, the spring 
brood consisted of 84 types, five insects which could be regarded as melanochroic, 
and two which were uniformly leaden black. One of these black moths was 
mated with an unrelated typical male, of Welsh origin, and fertile eggs obtained. 
The resulting larvae were fed on hawthorn taken from isolated trees growing in a 
large oak wood, and 90 moths (52 ? S and 38 d <?) emerged, all perfectly typical. 

Two of these were paired, and their ofbpring reared, but the period of iclosion 
proved to cover, unfortunately for the continuation of the experiments, the 
months of September, October, November and December. This brood con- 
tained 27 type insects and 7 melanics, suggesting that the melanism was 
behaving as a Mendelian recessive. 

Similarly, in 1920, a strain of Tephrosia crepmcularia, imported from Kent in 
1918, reared on the same bushes as in the case of S. bilimaria^ yielded, in a small 
brood of 23 moths, a single black female. This was paired with an ordinary 
male of Staffordshire parentage, and in 1921 an F? generation of 21 insects, all 
black, appeared. In consequence of the long duration of the period of emer- 
gence, no pairing was obtained, and for this reason, and because of difficulty in 
rearing this species, its use was abandoned. It was clear, however, that the 
melanfem was inherited as a Mendelian dominant, precisely as in the case of the 
similar form which is foimd wild. 

THE MAIN EXPEEIMENTS. 

(A) With Selenia bilmiaria, Esp. 

In this series 'we began with a small batch of eggs laid by a wild Abbot’s 
Wood (Sussex) female, captured in July, 1921. The larvae from these hatched 
in August, and as we contemplated critical work in several directions, particular 
care was taken with their food, this being procured in the dak wood’*' already 
mentioned. Nearly 70 pxipse were obtained, and 59 imagines (26 ? $ and 33 <J ) 
emerged in 1922. This batch was, except for the normal sexual dimorphism, of a 
very uniform composition, differing in no wise from other spring broods in 
our possession which had originated in various southern habitats. Two moths 
chosen at random from these were mated to continue the strain, and the larvse 

* The species in this wood are remarkable for their typical facies, Phigalia 
and Oporabia dihitcOa being especially noteworthy in this respecst-. 
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obtained were fed from tbe same pure hawthorn as before ; these produced 
moths in June and July. This brood, with the exception of five insects, we 
still possess ; it consists of 24 ? ? and 35 c? cf, manifesting a very small range 
of variation, the colour tendencies leaning perhaps to the lighter side. The 
moths can only be classified as very ordinary specimens of the summer form 

Pairings were made, and two small batches, each of about 60 ova, from differ- 
ent females, were sent to Hexham to be reared there. One of these batches 
was divided, one half being destined to serve as a control, while the larvae from 
the other half were reared on food (hawthorn) to which lead nitrate had been 
added by the method already described. The other batch was divided similarly, 
half providing a control, while the other was used for an experiment with 
manganese sulphate. The hawthorn on which all four groups were fed was 
cut from a particular tree, known from direct analyses to contain an unusually 
small amount of manganese. 

We shall record the history of the lead experiments first. Concerning the 
controls, it is only necessary to say that three successive inbred generations 
were fed on untreated food, and to emphasise the fact that they contained 
nothing but typical insects. The latter held true of the brothers and sisters of 
the first of these generations which had had lead in their diet. Emerging in the 
spring of 1923, they showed no special variation, and resembled in every way 
the spring brood of the previous year reared at Birtley . But the summer broods 
of 1923, inbred from the spring broods of that year, and continued on a diet 
containing lead, showed a marked difference. Two such families, each from 
about 60 eggs, were reared, exactly as before, and moths secured. The first 
(family 1923 AL*) included 15 $ ? and 12 d c? , but of these one male was practi- 
cally black, whilst the remainder were ordinary J^^Z^ana insects. 

Similarly, the companion brood (1923 BL) gave 11 ? ? and 20<? d, again 
all typical ex<^pt for two black males which resembled that from 1923 A L. 
Attention is specially directed to the absence of any figures offering scope for 
the su^estion that these melanics are due to the segregation of a Mendelian 
recessive character. The disparity between ratios of 26 : 1 and 29 : 2, on the 
one hand, and 3 : 1 on the other, is too great for that, independently of the 
alienee of all trace of melanism in the controls. 

Proceeding, a type female of 1923 A L was paired with a type male of 
1^3 B L, and the resulting larvae reared on hawthorn with lead nitrate in it. 

* The second capital following the year of the brood is to designate the origin of the 
melanisin, “ L ” being used when it owed its induction to lead, and “ M ” to manganese. 
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As a result, a batch of moths (1923 L L) was obtained, including 7 ? $ and 
12 c? <?, two females and one male being melanic. Once more the departure 
of a ratio of 17 : 3 from that of 3 : 1 is too great to be interpreted as a chance 
deviation, and again there is no suggestion of the reappearance of a Mendelian 
recessive. 

Work with 1923 L L did not end here, for two of the type moths were paired, 
and their offspring reared on untreated hawthorn. The brood (1923 TL) 
consisted of 23$ $ and 18<? c?, all of the type form. The inbreeding was 
continued, and another brood (1924 L L) reared on pure food ; the resulting 
24 moths were all types, proving that at least one of their parents and one of 
their grandparents had been free from recessive melanism- 

Melanism having appeared, it was necessary to determine whether it was 
inherited or not, and this was done. The melanic male of 1923 A L was mated 
with a light female of 1923 B L, and the larvae reared on untreated hawthorn. 
The generation (1923 KL) consisted of 11 $ $ and 15(? c?, all types, thereby 
demonstrating that the melanism, if inherited at all, was behaving as a Mendelian 
recessive. Inbreeding these insects, and continuing to supply untreated 
food, gave us three Fg familes— 1923 S L, 1924 F L, and 1924 J L. The first- 
named gave 8 types and 2 melanics, the second 13 types and 4 melanics, and 
the third 49 types and 17 melanics. Adding these Fg families together, we get 
a total of 70 types and 23 blacks — ^a ratio of 3 *04 : 1, which harmonises well with 
the 3 : 1 expected if we are dealing with an ordinary Mendelian recessive. 
Further, this ratio should be contrasted with those for the broods containing 
the original melanics. 

Let us now consider the outcome of breeding from the melanics developed in 
the parallel family 1^3 L L, which had received lead in its food after its 
administration to the others had ceased. Here a new feature was introduced 
into the experiment, in the form of typical insects bred from wild Bohemian 
larvm ; of these a type female was paired with a black male of 1923 L L. The 
Fj brood so produced, 1924 C L, included nothing but types, 140 in number, and 
two of these were mated to secure the critical Fg brood. This gave us the large 
Fg family 1924 R L, consisting of 144 types and 41 melanics. 

Again coupling these with the competition of the Fj^ broody 1924 C L, we 
have incontrovertible evidence that the melanism has been inherited as a simple 
recessive ; in other words, we have ample confirmation of the evidence yielded 
by the line bred from 1923 K L. 

Qne of the black females of 1923 L L was psdred with a typical brother, giving 
the brood 1923 V L ; this comprised* 24 $ $ and 15 <? <? , all quite typical ; but, 

VOL. xcix . — T 
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as the moths emerged in December, 1923, and January, 1924, they were useless 
for continuing the investigation. 

In conjunction with the manganese brood 1924 S M, there was abundant 
scope to investigate the results of mating black moths inter se. Two such 
pairings were made, one between a black female from the brood 1924 S M and 
a black male from 1924 E L, and the other an inbreeding of black insects of the 
latter parentage. In each case the resulting family was large, that (1925 
A L M) from the first-named giving 59 $ ? and 66 c? d , all black, and the other 
(1925 BL) 36? ? and 39 c? d, all black except two males. These two 
unexpected males, in view of the state of all the other broods reared, can only 
be explained on the assximption of an accidental introduction of two eggs or 
larvae from another batch, or of reverse ” mutation similar to that to which 
reference is made in recounting certain Drosophila work (Morgan, Bridges, 
Sturtevant, 1925). 

The work with this line did not end here, for two black moths from 1925 
A L M were paired and their offspring (1926 D L M) successfully reared. 
Most of the pupae are lying over the winter, but five moths have emerged 
in the autumn of the present year, and all are black. Similarly a pair from 
25 B L have given 1925 E L, of which one black male has come out, the 
remainder'still being pupae. 

Turning now to the manganese work, we find the controls were a failure, 
for in the first generation only two moths, both typical males, appeared. On 
the other hand, the treated insects did well, and in the second such generation 
1^3 D M gave (like the corresponding broods of the lead series) melanics, the 
batch of 9 ? ? and 11 c? <? , including two black ? ? and six black c? c? . 
Moreover, typical insects were practically unrepresented, for the insects not 
fully melanic were, in vaiying degrees, meknochroic. 

To continue this series, the desired mating between two melanics proving 
unobtainable, owing to the failure of such insects to synchronise in emergence, 
the other two possible combinations were made. One of these involved mating 
a black male with one of its more or less melanochroic sisters, and the other 
the mating of a second black male with a female from the control family 
1923 C used in the lead experiments. Fertile ova were laid, larvae appeared, 
and these were fed, like all subsequent broods, on pure food. The history of 
the inbred pair will be taken fiixst. 

The insects bred (1923 0 M) were 29 in number, including 14 ? ? and 16 <? <? , 
of which 5 ? ? and 7 <? <? were black. Thus the brood comprised 17 t 3 ?q>es 
and 12 meknics — figure indicating (l)4hat again melanism was behaving 
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as a Mendelian recessive, and (2) that the second parent was heterozygous 
for that character. 

Work with this brood was continued, and three distinct types of mating 
were brought about, one between two black moths producing family 1924 
E M, a second between two tjrpes resulting in 1924 I M, and a third between 
a type male and a Bohemian female giving 1924 H M. Of these 1924 E M 
contained 13 moths, according to expectation, all black ; 1924 I M was com- 
posed of 59 types and 14 blacks, and 1924 H M of 40 typical insects. Without 
exception, these results confirm our view that, not only is the induced melanism 
inherited, but inherited as a Mendelian recessive, for clearly the figures in 1924 
I M are a chance departure from a 3 : 1 ratio. 

Continuing, we paired a black male of 1924 I M with a type female from 
1924 C L known to be heterozygous for black, and obtained a brood 1924 
S L M composed of 46 typical and 36 black insects. Taking a female from the 
heterozygous type insects of this family, and mating her with one of the black 
males, we obtained a batch (1925 JWT) consisting of 30 melanics and 30 
types. Both of these results agreed with our anticipations. 

The course of events with the family (1923 P M) bred when the black 
male was crossed with a type control female, was much the same. Twenty- 
five typical insects (15 ? $ and 10 c? <? appeared) ; two matings of these moths 
were made inter se, and a typical male was outcrossed with a Bohemian female. 
The last-named gave a batch (1924 G M) of 72 insects, and as was expected 
none were melanic. The two other pairings, however (inbred) gave the 
batches 1924 A M and 1924 B M, both containing melanics as well as typ^, 
the former being composed of 40 types and 12 blacks, and the latter of 60 
types and 15 blacks. Pairing two of the blacks of 1924 B M we obtained, finally 
the small, but significant, family 1924 Q M — 8 black and no types. 


Table I. — Showing SeUnia bUumria families in which induced melanism 

appeared. 


Family. 

Treatment. 

Females. 

Males. 

Bemarks. 

Types. 

j Melanics. 

Types. 

Melanics. ' 

23 AL 

1 

Lead ...J 

15 


11 

1 


23 UL 

Lead 

11 



IS 

2 



23 LL 

Lead 

6 

2 

11 

1 

Mx type 23 A $ x 
type 23 B , 

23 DM 

1 

Manganese.... 

7 

2 

5 

e 

The insects classed as 
types are more or 
less melanochroic. 


T 2 
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Table H.— Hoiao2ygOTas type X bomozygoixs melanic. 
TT X 


Family. 

Origin of Family. 

Types. 

Melanies. 

23 KL 

23BI. $ X 23AL^ 

26 

0 

23 PM 

Control $ X 23DM<? 

25 

0 

23 VL 

23LL ? X 23 LL^ 

39 

0 

24 CL 

Bohemian $ X 23 L L 

140 

0 


Actually reared 

230 

0 


Theoretical result 

230 

0 


Table III.— Heterozygous type X bomozygous black. 
T« X «. 


Family. 

Origin of Family. 

Types. 

Melanies. 

23 OM 

23I>M$ X 23I)M,J 

17 ' 

12 

24SLM 

340L9 X 24IM:,? 

46 

35 

26J.W.T.*IJM[ 

24SLM9 X 24SLM^ 

30 

30 


Actual result 

93 

77 

♦ 

Theoretical result 

85 

85 


♦ Tile J.W.T. indicates that this brood was reared at Holywell, Northumberland, by 
Mr, J. W. Thompson 


Table IV. — ^Heterozygous iype x beterozygous type. 
TtxTt. 


Family. 

Origin of Family, ^ 

Types. 

Melanies. 

23 SL 

23KL?x23KL<J 

8 

2 

24 AM 

23PM$ X23PM^ 

40 

12 

24 BM 

23PM9 X23PM'^ 

50 

15 

24FL 

23B:L9 X 23KL^ 

13 

4 

24IM 

23 OM? X23 0M^ 

59 

14 

24 JL 

23KL$ X 23KL^ 

49 

17 

24 BL 

24CL9 X24CL^ 

144 

41 


Actually reared 

363 

105 


Theoretical result 

351 

117 
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Table V. — ^Homozygous black x homozygous black. 
ttxtt. 


Family. 

Origin of Family. 

Types. 

Melanies. 

24 EM 

23 0M:$ X 23 OM^ 

0 

13 

24 QM 

24 BM? X 24 3 51^ 

0 

8 

25 ALM 

24 SM? X 24 BL^ 

0 

.125 

25 BL 

24 BL? X 24 BL^ 

2* 

75 

25 DLMt 

25ALM? X25ALM^ 

0 

5 

25ELt 

26 BL? x26BL^ 

0 

1 


Actual result 

2 

227 


Theoretical result 

0 

229 


* Probably accidental introductions from another family, 
t Brood still emerging. 


Table VI. — ^Hamozygous type X beterozygous type. 
TT X TL 


Family. 

Origin of Family. 

Types. 

Melanies. 

24 GM 

Bohemian ^ X 23PM<? 

72 

0 

24 HM 

Bohemian $ x 23 0M<J 

60 

0 


Actual result 

132 

0 


Theoretical result 

132 , 

0 


Table VII. — ^Either extracted homozygous type X heterozygous type or 
extracted homozygous type X extracted homozygous type. 

TT X T^ 
or TT X TT. 


Family. 

Origin of Family. 

Types. 

Melanies. 

24 KL 

23SL$ x23SL^ 

22 

’ 0 

24ML 

23SL^X23SL^ 

5 

0 


Actual result 

27 

0 


Theoretical result 

i 

27 

0 


Taking the whole of these experiments with both lead and man^nese, and 
including also those in the preliminary work, only one conclusion is possible 
— ^that the melanism induced in our experiments is inherited as a Mendelian 


recessiYe. 




















252 


J. W, Heslop Harrison and F. C. Garrett. 

(B) With TepJirosia histortata Goeze. 

The work with this species commenced with two unrelated typical strains 
biought from Kent and Hampshire respectively, each of which formed the raw 
material for a distinct experiment. The former came into our hands in spring, 
1921, in the form of a batch of eggs deposited by a wild type female, which 
was also sent with them. The Hampshire material reached us a little earlier 
the same year, as pupae reared indoors in Hampshire from ova laid by a wild 
typical summer brood female of the preceding year. 

Although, for certain reasons which will be developed subsequently, we 
propose to discuss these experiments separately, the treatment of the various 
broods was much the same in both cases. Both pieces of work were carried 
out at Birtley, N. Durham, and the whole of the experimental larvae, in the 
initial stages, were fed on hawthorn gathered on the roadside in a station where 
melanism abounds. On that roadside, aU of the representatives of certain 
species are either melanic or melanochroic, wbilst, in the case of others, the type 
still persists in company with an abundance of melanic or melanochroic forms ; 
amongst the former are Boarmia repandaia, 5. gewmaria, Amphidasysbetulana^ 
Oporaim dUutata, Ypdpetes sordidata, and Y. trifasdata, and amongst the latter 
Pdia chi, Xyhphasia monoglypha, Chdmobacchefagella ^^ Dasystoma salicella. 

Presumably, if such food as these insects ate in the larval condition, or 
certain chemical compounds in it, were responsible for the genesis of natural 
melanism, one would anticipate that if given to non-melanic strains brought 
from unaffected areas for a series of generations, in the end melanic forms should 
appear. These opinions were submitted to experimental proof in the work 
we shaE how describe. 

The History of the Emtish Strain, — ^The batch of eggs received (a fairly large 
one) was divided into two approximately equal lots. The first of these, to be 
regarded as controls, yielded larvae, which were fed on newly expanded oak 
leaves, replaced in June by seedling knot-grass {Polygonum aviculare) grown in 
the garden. The experimental batch, on the other hand, received the roadside 
hawthorn mentioned above. 

Both sets emerged freely as imagines in June and no differences in appearance 
were discernible, each lot closely resembling the other and manifesting the 
usual fluctuating variation, of smaU range, proper to the summer brood of 
T, bistmiata. In both Icte, influenced no doubt by the great heat of the summer 
of 1921, a third brood, resembling the second in every way, appeared ; the 
controls of this generation were again provided as larvae with knot-grass, and 
the others with hawthorn. 
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From the oak knot-grass series, a pair was chosen, and larvae obtained, to be 
fed as before. These produced typical imagines in the spring of 1922. Again, 
the same inbreeding was continued, and the same feeding methods adlopted, the 
May-June larvae receiving oak and knot-grass, and the August lot knot-grass 
alone. This procedure was maintained year by year until March, 1926, when, 
as a pure line, the strain ran out. 

Throughout the period of five years, representing ten generations, during 
which this control lot was kept going, although certain portions of it were 
regularly inbred, and in addition outcrossed repeatedly in experimental work 
with T. orepusadaria, and wdth induced melanic bistortata, never at any stage 
did it display the faintest indications of carrying recessive melanism. 

Much the same held true during 1922 with the parallel batches raised from the 
half brood started on roadside hawthorn ; no melanism arose. However, in 
1923, the fifth inbred generation (family 23a) reared with such a diet, a large 
one composed of 97 insects (43? ? and 64cf d), included, with 96 typical 

insects, one black female. 

• 

This insect, except for the white subterminal line or band, characterising so 
many melanic Greometridse, can only be described as being coal-black, and, as a 
matter of fact, when fresh it could only with difficulty be differentiated from the 
melanic forms of the closely allied Tephrosia consomria and Boarmia repandata. 

In order to determine whether this melanism was heritable or not she was 
mated to a typical brother, and eggs duly secured. The resulting F^ lot were 
transferred to an oak knot-grass regimen, and imagines came out in late June 
in the form of 77 type insects — 31 ? ? and 46 <? d . 

Precisely as with Selenia bUunaria, the melanism, if inherited, was showing 
itself to be a Mendelian recessive. 

Out of this Fj lot, two pairs were caged up to give two batches of e^, 
followed by larvae which were likewise provided with knot-grass. The two 
broods behaved rather differently, the moths of the first Fg lot (faimly 23s) 
emerging in two relays, one in August and September, 1923, and the second 
in March, 1924, while the whole of the other Fg batch (24a) put m an appearance 
in spring, 1924. The composition of these broods in respect to colour and 
sex is set out in Table IX. 

Of the section of 235,’ reared in September, 1923, a typical male was mated 
with a melanic female, and progeny obtained. Thus, there were coming out 
in the breeding pots in spring, 1924, three families containing black insects , 
two of the F 2 series and one F 3 family (245). 

Utilising ( 1 ) these black iiisects, ( 2 ) their typical brothers and sisters, (3) the 



254 J. W, Heslop Harrison and F. C. Garrett. 

typical control families, as well as (4) a typical strain of T. crepuscula/ria, tlie 
necessary combinations for pursuing ottr incjuiry into the inheritance of the 
melanism Vere made. From all these matings eggs were secured, and the 
broods arising therefrom, fed on knot-grass, successfully reared to the imaginal 
condition. 

Tables X-XV serve to reveal the make-up of these broods in the critical 
matters of sex and colour. 

The same course was pursued with the succeeding summer brood of 1924 
and with the spring and second* broods of 1925. As the types of mating in 
the^ last three generations, in respect to melanism, are exactly the same as 
those brought about amongst the second hah of the F 2 lot 23^, the F 2 brood 
24a, and the Fg brood 246, the results., with all the pertinent facts, are given 
in the same series of tables. 

Once more every scrap of evidence these tables have to ofier points uniformly 
and clearly in the same direction, i.e., to the conclusion that here the induced 
melanism is inherited as a Mendelian recessive. 


Table VHI. — ^Fi cross of the original melanic T. Ustortata ? with a type d . 

X TT. 


Family. 

Origin of Family. 

• 

Types. 


Melanies. 


Females, j 

j Males. 

Total. 

Females. 

Males. 

Total. 

23/ I 

Fifth inbred generation 
from Kenlash stock ob- 
tidned in 1921 

31 

46 

77 

— 


, 0 


Table IX. — 'S 2 lots from Family 23/. 
Ti X Tt 


! 

Family. 

^ Origin of Family. 

Types. j 

Melanies. 

Females. | 

Males. 

Total. 

Females. 

Males. 

Total. 

23s 

■ 23/ $ X 23/ ^ 

42 

41 

83 

12 

16 

28 

24a 

23/ $ X 23/ ^ 

25 

28 

53 

8 

11 

19 





136 



47 

■ 




137-25 



45-75 


* The ofEspting from this, instead of lying over until March, 1926, emerged as a third 
hrood this year. 
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Table X. — ^Homozygous (or Heterozygous) type X bomozygous type. 

TT (or Tt) X TT. 



Origin of Family. 

Types. 

Melanies. 

Females. 1 

Males. 

Total. 

Females. 

1 Males. 

Total. 

24e 

24a $ x2Ss^ 

23 




■■ 

0 

24% 

235$ X 24a3' 

28 





0 

25a? 

25j3$ X 25q^ 

12 




|H9|[ 

0 


Actual result 



124 



0 


Theoretical result 



124 



0 


Table XI. — ^Homozygous type x heterozygous type. 
TT X T^. 


Family. 

i 

Origin of Family. 

Types. 

Melanies. 

Females. 

Males. 

Total. 

Females. 

Males. 

Total. 

24/ 

245$ X control ^ 

47 

49 

96 

_ 

_ 

0 

24gr 

Control $ X 245 , 

28 

31 

59 

— 

— 

0 

244 

245$ X 235<J 

26 

32 

58 

— 

— 

0 

251 

2^$ X 24fir<? 

32 

34 

66 

— 

— 

0 


Actual result 



279 



0 


Theoretical result 



279 



0 

1 


Table XII. — ^Heterozygous type X heterozygous type. 
T^ X T^. 


Family. 

Origin of Family. 

Types. 

Melanies. 

Females. 

Males. 

Total. 

Females, 

Males. 

Total. 

25c 

2474$ X 24?4^ 


26 

46 

8 

7 

15 

25d 

2474$ X 24ifc(? 

19 

22 

41 

6 

8 

14 

26e 

24Z$ X 24?<J 

33 

30 


7 

11 

18 

25^? 

25A$ X 2Bd^ 

8 


18 

1 

5 

6 

25^ 

25e$ X 25i^ \ 

32 


72 

12 

11 

23 

25v 

25r$ X 255^ I 

28 

24 

52 

8 

9 

17 

25w 

25^$ X 25s ^ 

13 

15 

28 

6 

4 

10 


Actual result ^ 



820 





Theoretical result 

' 


317*25 
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Table XIII.— Homozygous black X homozygous black. 
UXtt. 


Family. 

Origin of Family, 

■ 

Types. 

Melanies. 

Females. 

Males. 

Total. 


Males. 

Total. 

24c 

246? X 24a,J 

_ 

—a 

0 

23 

31 

54 

24d 

24a9 X 

— 

— 

0 

17 

22 

39 

25a 

X 24c^ 

— 

— 

0 

23 

21 

44 

256 

X Udg 

— 

— 

0 

32 

34 

66 

25m 

m? X 25iJ 

— 

— 

0 

17 

18 

35 

25n 

266$ X 256^ 

— 

— 

0 

9 

8 

17 

25o 

266$ X 25i^ 

— 

— 

0 

22 

28 

50 


Actual result 



0 



305 


^eoretical result 



0 



305 


Table XIV. — Homozygous black X homozygous type. 
tt X TT. 


Family. 

Origin of Family. 

j Types. 

Melanies. 

Females. 

i 

1 Males. 

Total. 

Females. | 

Males. 

Total. 

24jp 

Control type ? xbL246 <J 

68 

74 

142 



0 

24m 

Bl. 246 ? X type cont. 

37 

35 

72 

— 



0 

Un 

Bl. 24a ? X type cont. 

29 

28 

57 

— 



0 

2U 

Type cont. ? X bl. 23s 

21 

16- 

37 




0 

25ib 

BL24d? Xtype24gr^ 

24 

28 

52 

— 



0 

25/ 

BL 24fc ? X type cont. $ 

18 

14 

32 





0 

2^ 

BL241:? Xtype24€<j 

28 

29 

67 





0 

2^ 

Type oont. ? x bl. 25a 

23 

16 

39 

—— 



0 

26 

Type 25q ? X bl. 25p $ 

17 

20 

37 

— 

~ 

0 


Actual result 



525 



0 


Tbeoretioal result 



526 



0 


Table XV. — Homozygous black X heterozygous tj^e. 

ttxTt. 


Family. 

Origin of Family. 

Types. 

Melanies. 


Males. 

Total. 


Males. 

Total. 

246 

Type 235? X bl. 23s<J 

- 19 

17 

36 

18 

18 

36 

24o 

T^246? X bL24a^ 

14 

16 


12 

15 

27 

242; 

BL 24o ? X type 246 ^ 

23 

21 

44 

22 

19 

41 

25ii 

BL 24c ? X type 24m ^ 

16 

19 

35 

18 

15 

33 

25i 

BL 24d ? X t3rpe 24g 

14 

14 

28 

18 

12 

30 

25r 

Type 25c? x bL256<3^ 

8 

12 


13 

11 

24 

25& 

Type25e? X bL256^ i 

21 

17 

38 

12 

19 

31 

25y 

Type 265? X bL26p^ 

13 

11 

24 

12 

13 

25 

25z 

BL 25p ? X type 255 <? 

15 

7 

22 

9 

10 

19 


Actual result 



277 



ORA 


Tbeoretioai result 



271-5 



ZOO 

271-6 
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The Course of Events with the Eamf shire Strain . — ^The motlis of the Hampshire 
strain of Tefhrosia histortata can easily be distinguished from those of Kentish 
origin by their cleaner ground colour. They, like the latter, appeared in 
three successive broods in the hot season of 1921. In these three broods the 
spre€td of variation was very trivial ; in fact, even the seasonal dimorphism was 
at a minimum, the spring brood differing very little indeed from the two summer 
broods. 

In the spring of 1922 difficulty in securing the necessary pairings within the 
limits of the race rendered it necessary to outcross a male with a female of the 
univoltine race from Kildale — a dale in the Cleveland Hills, North Yorks. 

The eggs obtained from this pairing hatched well, and the larvse &om them 
were supphed with hawthorn from the same bushes as before. Of this batch 
28 ? ? and 33 c? c? came out in July, 1922, whilst 13 ? $ and 17 c? <? lay over 
until 1923. This brood, as well as those from Kildale which preceded it, 
consisted solely of typical* insects. 

Mating up a pair taken from the earlier portion (summer, 1922) we secured 
a spring brood in 1923, and from that, by in-breeding once more, a summer 
generation the same year. The March-April brood showed nothing worthy of 
note. On the other hand, amongst the summer brood insects, we detected a 
single female with the costal area of the right forewing marked with a broad 
black stripe, but otherwise perfectly typical. This insect was paired with a 
type to yield family 24a', reared on knot-grass and including types only. 

Continuing, we inbred this family, and obtained families 246', 24c' and 
24d', all of which had oak and garden knot-grass as food ; without exception, 
these three families, as will be determined from Table XVII, consisted of types 
and melanicsf in ratios in complete agreement with Mendelian expectation. 

Judgmg from the composition of these families, we are justified in con- 
cluding that the female just described had been, germinally speaking, either 
homozygous or heterozygous" for melanism. Moreover, despite its pheno- 
typical appearance, it is almost certain that the former is the correct inter- 
pretation of the facts, for the chances are great indeed against our choosing 
at random six heterozygous insects from a culture including equal numbers 

* Although for years (since 1906) we have been accustomed to observe and rear the 
Kildale insect in hundreds, never at any time have we seen a melanic Tephrosia bistoriaia 
from that district ; nor, indeed, have our friends Lofthouse, Elgee and Sachse, all of whom 
have had 25 years’ experience with the insect. 

t These melanics are identical in appearance with those bred in the preceding series of 
experiments with Kentish insects. 
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of iiomozygous and heterozygous types, as would have been the case bad tbe 
striped female been a beterozygote for melanism. 

With tbe aid of these F 2 insects and. others available we proceeded with 
our t^ts, maln-ng all the matings we considered capable of throwing further 
light on the inheritance of the melanism in the bistortdta cultures, with the result 
that the facts presented in Tables XVIII-XXII were secured. 

Once more it is quite evident that the melanism behaves as a simple 
Mendelian recessive, and this falls in line absolutely with the circumstances 
attending the melanism induced in the Kent strain. 

finally, we brought about cross-pairings between insects selected from the 
Kent families of 1925, and from the mixed Hampshire-Cleveland lots of the 
same year. As will be perceived from Table XXIII, our views, based on the 
other sets of experiments, received ample confirmation. 


Table XVI,— Fi ex Hampshire-Clevdand $ witli black bar on costa X 

type (J. 

U (1) X TT. 



; 

Origin of Family. 

Types. 

! Melanies. 

1 _ 


Females. 

1 

Males. 

1 

Total. 


Males. 

Total. 

1 

24a'' 

1 

Barred ? X type 

1 

41 

1 

47 

I 

S8 

— ! 

— 

0 


Table XVII. — 1'2 generations obtained by inbreeding tbe Fi iosects set out in 

Table XVI. 

T« X Ti. 


Family. 

Origin of Family. 

Types. 

Melanies. 

i 

! Females. 

1 

Males. 

Total. 

Females. 

Males. 

Total. 

%W 

1 

24a"$ X 24a' <3^ 

42 ■ 

44 



14 

24 


24a' $ X 24a'(? 

16 

13 



6 

10 


24a' $ X 24a' <? 

32 

33 



12 

22 


Actual T^nlt 



180 ! 


{■mil 

56 

\ 

®ie<oretieal resnit 



177 

n 

H 

59 
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Table XVIII. — ^Later beterozygous types x beterozygous types. 

Tt X T«. 


Family. 

Origin of Family. 

Types. 

Melanies. 

Females. 

i 

Males, j 

Total. 

Females. 

Males. 

Total. 

i 

25Jc' 

246'? X 2id'S 

8 


14 

2 

2 

1 4 

2U' 

25i'? X 25i'<J 

29 

32 1 

61 

9 

I 11 


25m' 

26/? X 25i'S 

26 

29 

55 

8 


18 

25n' 

25/? X25f'3 

9 

6 i 

15 

4 

2 

6 


Actual result 



145 



48 


Theoretical result 



144-75 



48-25 


Table XIX. — ^Homozygous black X homozygous black. 

tt X tt. 


Family. 

Origin of Family. 

Types. j 

Melanies. 

Females. 

i 

I Males. 

Total. 

Females. 

Males. 

Total. 

26o' 

25i'? X 256'^' 

_ 



8 

11 

19 

25$^ 

25/? x2Sf'3 

— 

— 


17 

26 

43 

mq' 

25A'? X 251/3 

— 

— 


8 

4 

12 

25r' 

25/? X 25g'3 

— 

“ ! 


17 

19 

36 


Actual result 






110 


Theoretical result 






110 


Table XX. — ^Homozygous black X beterozygous type. 
UxTt. 


Family. 

Origin of Family- 

Types. j 

iM^anics. 

Females. 

Mal^. 

Total- 

Females. | 

Males. 

Total. 

25e' 

Bl. 246' % X type 24:c' ^ 

18 

17 

36 ! 


14 

31 

25/' 

Type24c'$ x hL24d'^ 

7 

8 

15 


8 

12 

25h' 

Type 24c' ? X hi. 24c' ^ 

12 

14 

26 


15 

31 

25g' 

B1.24£?'^ Xtype246'<Ji 

18 

20 

38 

14 

15 

29 


Actual result 



114 



103 


Theoretical result 



108*5 



108-5 
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Table XXI.— Homozygous black X homozygous type. 
# X TT. 


I’amily, 

Origin of Family. 

i 

Types. 

Melanies. 

Females. 

Males. 

Total. 

Females. 

Males. 

Total. 


24c' ? X bl. 246' S 

29 

26 

55 





0 

25/ 

B1.24e'$ X type control ^ 

33 

38 

71 

— 

— 

0 


Actual result 



126 



0 


Theoretical result 



126 



0 


Table XXII. — ^Homozygous type X homozygous (or heterozygous) type. 

TT X TT (or T<). 


Family. 

Origin of Family. 

Types. 

Melanies. 

Females. 

Males. 

Total. 

i 

Females. 

1 

j Males. 

Total. 

25«' 

%4d*^ X 24c' 

41 

44 

i 

85 

— 

— 

0 


Actual result 



85 



0 


Theoretical result 



85 



0 


Table XXIH. — ^Miscellaneous intercrossings between the Kent and the 
Hampshire-Cleveland strains. 


Family. 

1 Origin of Family. 

1 

Types. 

Melanies. 

Type of 
Mating. 

Katio 

Theo- 

retical 

Type: 

Melanie. 

Actual 

Batio 

Type: 

Melanie. 

Females. 

Males. 

Total. 

OQ 

0 

1 

Males. 

3 

25« 

Type25i'9 

X hL25c<? 

24 

27 

51 



0 

TT X « 

All types 

All types 

25^ 

BL 25€ ? 

X type 25i' 

13 

17 

30 

18 

14 : 

32 

tt X Ti 

1 ; 1 

1 : 1-06 

25y 

Type 25c $ 

X type 25/ (? 

29 

25 ! 

54 

8 


17 

T^ X Tt 

3:1 

3-17 :1 

25$ 

Type 25/' 9 

X type25d^ 

33 

40 i 

73 

12 1 

11 i 

24 

Tt X Ti 

3:1 

3*04:1 

25« 

Type 25k' $ 

X type 25c 

31 

29 i 

60 

— 

— 

0 

TTxTT* 

All types 

All types 

25B 

BL 25k' ? 

X type 25c t? 

8 

7 

15 

7 

9 

16 

U X Ti 

1:1 

1 :1*06 


* OrTT X Tif. 
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III . — Concluding Remarks, 

We have no intention of entering into any long theoretical disquisition 
on the subject of our experiments ; the facts are too unmistakable for that. 

Making certain deductions from field observations carried out for lengthy 
periods in many of the most suitable localities, as to the origin of natural 
melanism, we developed a certain technique to test our views. As a result of 
both of the possible lines of approach, success attended our efforts ; melanism 
of the most pronounced type appeared in our ciiltures. This melanism we are 
entitled to consider induced by us. 

Furthermore, by exhaustive breeding experiments, carried out in all 
possible directions, we have demonstrated, in all cases with absolute certainty, 
that this melanism is not only inherited, but inherited as a siqjple Mendelian 
unit character. 

Our work, therefore, can only be accepted or rejected. If accepted by those 
wishing to minimise its value, only one objection can be brought against it, 
and that is the usual one, that in place of a genuine Lamarckian effect we are 
dealing with a case of parallel induction, soma and germ being equally affected 
by our operations. We submit that this distinction is merely academic. 
Whether we are dealing with the induced change of habit, as in Kammerer’s 
work, or with our own, we state without hesitation that the import is plain ; 
environmentary influences have been brought to bear, powerful enough to 
influence the germ plasm. 

If this is once granted we fail to see how, by explaining away any experi- 
mental result on the basis of parallel induction, or of direct action on the 
germ plasm, such as is used to weaken the import of the work of Guyer and 
Smith ( 1920 ), the position is changed. If environment can alter the germ 
plasm, what environmental factor is in closer relationship with the germ 
plasm than the soma ? And again, is not the soma brought into still more 
intimate connection with the germ plasm by the blood stream ? And, further, 
how otherwise does our treatment reach the germinal area ? 

If the value of our experimental results is denied, only one re€^on for such 
a course can be advanced — ^that the strains with which we wmmenced our 
work carried melanism in the recessive condition. However, such a view raises 
more difficulties than it explains. Indeed, we do not admit that it removes 
any, for the relation of cause and eff^t in our work seems so perfect that 
none are left to remove. 
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If appeal is made to latent melanism, then we are entitled to ask for esplana- 
tions of the folloTOng facts : — 

(1) In spite of the fact that Selenia hilunaria is a very common species, and 
very frequently bred, no melanic forms, such as we induced, have ever been 
encountered in Nature. 

(2) We induced the melanism in that species in two different strains, by two 
distinct methods and in different years. 

(3) Similarly, in the case of Tephrosia histortata, although a melanic form has 
been reported from Wales and from the Continent, none is on record for any 
English county. 

(4) In the case of this species also the condition was induced in two distinct 
series. 

(5) In the case of the third species, Tephrosia crepuscularia, the melanism 
was dominant* ; this cannot possibly be regarded as the emergence of a recessive 
character, 

^ (6) It is incredible that we, who devised experiments with a certain end in 
view, should, on four separate occasions, with two distinct species brought 
from different districts, by the workings of chance, be the only individuals to 
come into possession of strains carrying latent melanism. This point in itself, 
in our opinion, affords a perfect answer to any attempts to explain away our 
results by the “ latent recessive method. 

(7) In none of the species employed did the controls ever produce melanic 
individuals. 

(8) When the melanism appeared in our cultures the ratio of the typical 
individuals to the melanics diverged too widely from Mendelian expectation 
to permit of the sugg^tion that we were witnessing the emergence of a 
recessive character* 

(9) Lastly, we are able, almost perfectly, to distinguish the heterozygous 
type of S. Munaria from the homozygous type ; in none of the batches of 
that species reared prior to the induction of melanism can any insects approach- 
ing, even remotely, such heterozygotes he detected. 

These facte, to us, seem unanswerable, and we, therefore, see no occasion 
for pursuing the argument. Eeference to one additional point, however, must 
be made, and that is the possibility that instead of the metal in the compound 
em^yed bang the active agent, the acid radical may play the part. Further 
^rimente are contemplated at an early date to throw hght on the 
Feint. 
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We beg to acknowledge onr indebtedness to Mr. J. R. Johnson, and the 
late Mr. Chas. Robson, who have attended to onr cultures in cases of 
unavoidable absence ; and especially to Mrs. Garrett apd Mrs. Harrison, who 
have helped us to rear the larvae, and without whose help it would have been 
impossible to experiment on so large a scale. 
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The Diffraction Method of Measuring the Diameters 
of Erythrocytes. 

By W. G. Millar, M.B., Ch.B., F.E.M.S. 

(Communioated by Sir E. Sharpey Schafer, E.B.S. — Eeceived September 30, 1925.) 
(From the Department of Physiology, Edinburgh University.) 

Kjper (1, 2) bas described a method of measuring the diameters of erythro- 
cyte- and similar circular bodies, by means of the diffraction spectra 
produced by them, under suitable conditions. 

The principle of the method is simple, and may be summed up as follows. 
A parallel beam of light is allowed to fall normally on the cell suspension and 
is then received, together with the light diffracted by the cells, by a lens. This 
lens converges the light and forms an image of the original light source at its 
principal focus. The diffracted light is also brought to a focus in the same 
plane as a series of circular spectra concentric with the central image of the 
source. The diameter of any given spectrum corresponding to a particular 
wave-length can be measured, and from this the mean diameter of all the cells 
producing the diffraction can be calculated. 

Pijper derives a simple expression connecting the various factors, from 
elementary principles, the validity of which will be dealt with later. 

If 

/ = equivalent focal length of the lens 

T = radius of a spectaim 
n = number of this spectrum from centre 
X = wave-length of part of spectrum measured 
2a = diameter of cell 

r 

The symbols have been altered slightly, the better to conform to the notation 
to be employed hereafter. This formula may further be modified to a form 
similar to that usually met with in optics by introducing the diffraction angle 6. 
If for the term 

r 

we substitute sin 6 and re-anange, it becomes 

2o . sin 6 = mX. 


( 1 ) 
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Kjper derives this expression by treating the cell as though it were the 
opaque portion of a grating element, and entirely neglects the parts of the 
suspension between the cells, on the grounds that the effects from these cancel 
out. It is evident that a collection of discs of different sizes lying in a haphazard 
manner over the field cannot be treated in the simple manner suitable to a 
regular grating, although Pijper is correct in his assumption that the influence 
of the spaces cancels. 

i am indebted to Prof. C. G. Darmn for the following analysis. The cell 
will be regarded as a circular disc of negligible thickness, which receives 
parallel light incident normally. Let E (fig. 1) represent in perspective a 
circular disc observed in a direction 6 to the normal. 




Putting 
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Pattang 


= 2SK 


6 J, 


z = fef . sin 6 

r^asind 


Z 1 


f. 4- ^ _ u 

2 ^ ”• 2 - 42 ••• 1 cifZ 


= . Ji (to . sin 6) 

F sm^ 6 

=2 . Ji (feg . sin 6) ^ 

ia • sin 6 

Tlds vanishes when 

Ji(Aa.sin6)== 0. 

This latter is therefore the condition for minimum illumination in the direction 6^ 
The illumination in. this direction will be greatest when 


is a maximum, that is, when 


Ji (fa sin 8) 
fa sin 9 


Jg (fa»sin 9) = 0. 

Solving for values of fa , sin 9 or to satisfy the last ecjuation, and rearranging,, 
we have 

2a = zfn , X . cosec 9. (2) 

To prove that with a haphazard arrangement the total effect is the sum of 
all -Sie small effects, and that the distances between the cells do not enter 
into the final result, let there be N centres in 1 cm.^ say, the first at 0 ?^, etc. 
Taking one at distance from the centre, we have for this one as its factor 
exp, — ik [tq — xi sin 9) = 

The whole lot will give amplitude 

r = 1 

and intensity 
where 


y=ak sin 9 

= N + 2 cos q (Xf — x^)ja 

= N + N(N — 1) cos gr (a:j — x^fa. 

If we average the last expression it is easily seen to vanish. For, take x-^,- 
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fixed and let be anywhere (fig. 2). Its chance of being in a range dx at distance 

X is dxjl where I is the breadth. Therefore average is 

xdx ^ a . I 
cos2-- = 2 — smg-. 

J 2i2 CL L mL 


This vanishes on the average, since the sign is as much positive as negative, 
and to take in the edge values would amount to counting up the diffraction 
pattern of the edge of the field, obviously not wanted. 




Fm. 2. 


The vdues of zjn for formula (2) may be derived from tables of Bessel func- 
laons. Those corr^ponding to the first five spectra and the intervening dark 
spaces are given in the Table below. 


Table I. 


Order of 

Spectrum. 

s/ir. 

Maxima. 

Minima. 

1 

1-63 

1-^ 

2 

2-68 

2-23 

S 

3-70 

3-24 

4 

4-71 

4-24 

5 

6-72 

6-24 


Bergansius (3) quotes a formula very similar to equation (2) but points out that 
this invariably gives too high values for tihe diameter. In consequence of this 
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discrepancy lie holds that diffraction by the cells acting as opaque bodies is not 
the most important cause of the spectra. He claims that the spectra are due 
to interference from the images of the light source produced by the erythrocytes 
which act as little lenses. In these circumstances Pijper’s formula would hold 
and would give the mean distance separating the cells, which, in the special 
case when the cells are in contact, would be equivalent to the mean diameter. 

It is obvious that Bergansius’s results, if justified, offer a fundamental objec' 
tion to the diffraction method, the usefulness of which would then be limited 
by the accuracy with which films could be prepared wherein the cells would 
just touch, with neither serious overlapping nor wide intervening spaces. It 
is accordingly necessary to consider this question further, and it will be taken 
up again in the discussion of results below. 

Both Pijper and Bergansius project the spectra on a screen which in the case 
of the former is opaque. The latter substitutes a ground glass, while both 
observers work from the linear dimensions of the spectra. This method 
presents several disadvantages. In the first place linear values for the spectra 
involve the introduction into the formula of the focal length of the second lens, 
which is an extra, if not serious, source of inaccuracy, unless its value is carefully 
determined, since the nominal figure given by the makers is subject to a certain 
amount of variation. A more important point is the comparatively low intensity 
of the spectra, which renders it rather difidcult to see them on any form of 
screen. Accordingly in the instrument about to be described the spectra are 
observed in a pivoted telescope, by which means the value of the diffraction 
angle 6 can be determined directly and also the faint spectra well seen, 
owing to the smaller loss of light. 

In outline the plan adopted is as follows : The image of the' light source A is 
focussed on the pinhole I (fig. S), which itself is in the principal focus of the 



Pig. 3. 



Diameters of Erythrocytes. 


269 


collimating lens C and whicli takes the place of the sht of a spectroscope. 
The horizontal parallel beam issuing from the coUimator is thrown on a right- 
angled glass prism P and is reflected vertically upwards through the cell 
suspension E. Here the light is diffracted and passes upward as a central main 
white beam with a series of spectra arranged concentrically outside it. The 
diffraction angle is measured by moving the telescope T until the desired diffrac- 
tion beam passes along its axis and reading off the angle from the vertical on 
the scale S. The axis of rotation of the telescope is arranged to lie in the plane 
of the cell suspension. 

A general view of the actual instrument is shown in fig. 4 and the construction 
of the essential parts is as follows. 



Fig. 4. 

The collimating system consists of an F/6 anastigmat photographic lens.C 
of about 6 inch focal length, screwed into a brass tube B, which is rather less 
than 6 inches long. On the other end of the tube B is another tube B', sliding 
on it and carrying a flange and cap which hold the pinhole plate. This is simply 
a circle of ferrotype plate or stencil brass, in the centre of which is a small hole 
about 0-5 mm. in diameter, formed at the intersection of crosshnes marked 
on the plate. The collimator is attached to the base plate of the instcument in 
a U-shaped holder H, provided with Y-grooves in which the tube B is held by 
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a spring. Tte coDimator holder has a limited range of adjustments by means 
of levelling screws U and a clamping pivot c. 

The holder for the reflecting prism and films consists of a plate-glass stage E 
held in a framework which can be levelled by three screws sss. To the centre of 
the lower surface of the stage E, a right-angled prism P is cemented with 
Canada balsam. 

The telescope T is held in V-grooves on an arm B which is pivoted about a 
stout hollow axis X attached to a vertical prolongation of the base plate, which 
also carries a scale of degrees S with central zero. The telescope eyepiece is 
provided with an opaque half diaphragm instead of cross wires, for the purpose 
of cutting off glare from the central image. ■ 

Adjustment of the Instrurmni. 

(i) CoUimation. — A circle of ground glass is placed on the end of the sliding 
tube B' of the colhmator, ground surface towards the lens, and held in position 
by the cap. The collimator is then directed towards a cloud or other distant 
object and B' adjusted until the image is in sharp focus. The cap is removed 
without sbiftmg the position of B^ and the pinhole plate replaced. Centering 
is carried out by adjusting the pinhole plate so that the crosslines are in con- 
tinuation of those marked on the cap for this purpose. The piuTmlA is now 
accurately at the principal focus of the lens C. 

(o) Adjustmeva of the Stage . — ^The stage is placed on the base plate to that the 
points of its levelling screws bed into three small conical holes which serve to 
indicate the correct position. A slide such as will be used for the preparation 
of the films is laid on the top of the stage, which is then observed through the 
hollow pivot of the telescope. At the time of manufacture the centre point for 
the hole in the aris is indicated by cross lines, and these are retained in the 
finished instrument, one being horizontal the other vertical ' The two levelling 
screws of the stage nearest to the pivot are then adjusted so that the rear edge 
of the slide is level and coUinear with the horizontal crossline. When this has 
^n done, tiie third levelling screw in front of the stage is adjusted until the 
fine of sight through the aris of the pivot just grazes the top surface of the 
dids. This adjustment ensures that the aris of rotation of the telescope 
lies in tire ^ane of the cell suspension, so that the scale readings correspond to 
tie (iifiractioii angles* 

(iii) The Tcfeseqpe.— This is adjusted in the usual manner by focussing on a 
distant object. Owing to the method of adjusting the coUimator, the image 
of tile pinhole can be used for this purpose. 
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(iv) Adjustment of Alignonent . — ^To simplify the design of the instrument the 
optic axis of the telescope is taken to be accurately at right angles to its axis 
of rotation, and zero error is taken to be absent. Hence the alignment of the 
collimator has to be adjusted to that of the telescope. The latter is set at 
zero and clamped. The image of not too bright a light source is focussed on the 
pinhole and the image of the latter found in the telescope, if it is not in the 
centre of the field it is made;so by adjusting the collimator holder by means of 
its levelling screws and pivot. When this is done the collimator adjustments 
are clamped, care being taken that this does not shift the holder. 

(v) Levelling of Stage Surface , — ^Before use a spirit-level is laid on the top 
surface of the stage and the bubble centred by altering the levelling screws of 
the base plate. Those of the stage must on no account be interfered with or 
the alignment will be upset. 

(vi) Illumination , — ^The instrument having been adjusted it only remains 
to arrange the light source. A d-ampere carbon arc is used, and is placed in 
line with the collimator tube, the positive carbon lying in the optic axis of the 
collimator. A condensing lens, such as a Nelson bull’s-eye, is then arranged 
near to the pinhole, so that a small image of the positive crater is formed at the 
intersection of the cross lines on the pinhole plate. When this is done an 
illuminated circle is seen on the stage, and by altering the iris of the coUimating 
lens C the area of this circle, and hence the area of cells, to produce the difcaction 
can be adjusted as required. It will be found on applying the eye to the 
tel^<x}pe ihat the central image of the pinhole is exceedingly bright, hence the 
precaution should always be taken of swinging the telescope out of the centre 
so that the pinhole image is hidden behind the opaque half diaphragm, or of 
inserting heavily stained colour screens temporarily. 

Once the instrument is set up, it is only necessary to start the are before use. 

Preparation of Films. 

In order to use the instrument with any degree of accuracy, particular 
attention must be devoted to the preparation of suitable films, for it is obvious 
that two or more overlapping cells wiU have much the same diffracting effect 
as a very large cell, so that the presence of rouleaux or p,rtidi rouleaux 
completely vitiates readings. Hence, up to the present, it has hot been posmble 
to obtain reliable measurements of cells in pure plasma or serum. Ota tiie other 
hand, cells in saline media are very liable to distortion and crenation, and, 
moreover, in some cases assume a spherical form (Cpough (4) ). AH these 
change are accompanied by alterations in diameter. 
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The most satisfactory medium so far found is isotonic sodium citrate (1-5 
per cent.), to which is added from 10 to 20 per cent, of serum or plasma, derived, 
of course, from the same source as the cells. It has been found that cells in 
this medium preserve their shape and size remarkably well, the serum preventing 
the assumption of the “ Groughian ” form. 

The slides used are made by cutting old quarter-plates in half, and hence 
measure SJ in. by in. Large, fairly thick cover-slips are used, their size being 
about 2| in. by in. 

The thickness of film which gives the best results has to be learnt by experi- 
ment, and is easily found with a little practice. A given separation of cells can 
be obtained by a thin film of a rich suspension or by a thick film of a relatively 
scanty suspension. In general, the latter is the better way, since the cells 
spread more evenly in the greater thickness of fluid. With the slides described 
about 0-1 e.c. of a suspension containing 5 per cent, of whole blood (or its 
equivalent) gives good results. 

Owing to the gross errors liable to be introduced by the presence of rouleaux 
or crenaiion, it is absolutely essential that all films be examined microscopically 
before any reliance is placed on readings found with them. The importance 
of this ^int cannot be over-emphasized, and measurements made without this 
precaution are utterly worthless. 


Measurement of the Diffraction Angle. 

In principle, the taking of readings of the diffraction angle is simpHcity 
itaelf. All that has to be done is to swing the telescope so that the part of a 
given spectrum corresponding to the desired wave-length is in the centre of 

the field and take the scale reading. In practice, however, several difficulties 
arise. 


In the first place, owing to the range of sizes of the diffracting bodies the 
spectaa are not pure and the colours merge into one another to a considerable 
extent, while the violet ends of the higher-order spectra overlap into the red 
ends of the lower ones. It is in consequence a matter of no little difficulty to 
form a satisfectory judgment of the correct position for the telescope. More- 
^ er, even were the spectra pure, the estimation of the wave-length correspond- 
rng to a given colour is neilher easy nor rehable, and Pijper quite rightly chooses 
Ihe y^ow portion, which is the most narrowly confimed colour. 

It rs dear, therefore, that improvement is very necessary in this direction, 
e immediately obvious step is to use monochromatic li^t. Unfortunately 
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a very intense light source is needed, for even with the carbon arc the higher 
spectra are not sufficiently bright to read with any degree of comfort. Hence 
the ordinary sodium flame and the mercury-vapour lamp are useless. The 
sodium-cored carbons for the ordinary arc are of little more use, owing to the 
comparatively low light intensity of the arc itself and the enormous prepon- 
derance of white light from the craters. 

So far no satisfactory source of approximately monochromatic light has been 
found, and recourse must be had to light filters. Here again success is only 
partial, for all filters of sufficiently sharp cut ” stop a great deal of light 
even in the band transmitted, so that the spectra are very faint. Still filters 
that pass a fairly broad band can be used, and are a distinct improvement. 
The one found most useful is Zettnow’s copper nitrate — chromic add solution 
in a thickness of about 1 cm. This passes a pretty sharply cut band in the 
yellow green, the lower limit of which is clear and lies at X = 6400 A.TJ. 

Results and, Discussion, 

The remainder of the paper will be devoted to the consideration of certain 
experiments designed to determine what reliance can be placed on measurements 
of erythrocytes by the diffraction method, comparison being made with figures 
derived by photo-micrography, for the technique of which reference should 
be made to a paper by Ponder and the writer (5). In order to aid fluency, 
discussion of the results will be combined with the enumeration. 

In all cases measurements have been made in a medium of 1-5 per cent, 
sodium citrate plus 20 per cent, plasma, which in the tonicity experiment 
is diluted as required with distiUed water. The Zettnow filter is used, and the 
end of the red (X= 0*64 [x) of the second spectrum taken. The value of 
zjn for the second spectrum is 2-68, which, multiplied by 0*64, gives 1*7, 
by which constant the cosecant of the difficaction angle 6 is multiplied to give 
the diameter. Human cells from the same individual are used throughout 
and the essential microscopic precautions taken. 

I. The Mean Size of Euman Erythrocytes, 

For this experiment blood is drawn from the finger and 0*1 c.c. added to 
2 c.c. of the citrate-plasma solution. The percentage of plasma is thus a little 
over 20, but there is no tendency to rouleaux formation. After well naixing, 
about 0*1 c.c. is placed in the centre of a thoroughly clean slide and the cover 
quickly applied to ensure even distribution. About eight readings can be 
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tafeen on eaci. sEde, 'wEicE, containing tEe equivalent of 0*005 c.c. of wEole 
blood, represents about 25,000,000 cells. TEe mean of tEe readings obtained 
by tEe diflEraction method are given in Table 11 below. 


Table II. 

0. 

cosec 0 , 

d. 

3'6' 

5-996 

10-2^ 


It will be seen from these figures that Bergansius’s objection that the diffrac- 
tion formula 2 ^ves results too high by 10-20 per cent, is confirmed, the mean 
value by the pEotograpEic method being 8*8 [jl. As mentioned above, Ber- 
gansius has discarded the pure diffraction theory in favour of one based on 
the formation of images of the Eght source by the cells, which he holds act as 
Ettle lenses, and claims that it is interference of the Eght from these images 
which is the main cause of the spectra. If this be the case, then the diffrac- 
tion angle or width of the spectra should be much less when a thin film with 
weE-scattered cells is used than when the cells are close together. Bergansius 
finds this to be the case. The following experiment is described to investigate 
this point. 


II. Effect of Separation of ike Cells, 

Films are made precisely as described in the previous experiment, with the 
exception that one end of the cover-sEp is supported by a small piece of another 
cover to form a wedge-shaped film. Flat films containing different proportions 
of cells and citrate-plasma medium have also been measured and give similar 
results. Eeadings are taken of parts so thin that the spectra are only just 
viable and also of parts so thick that the scattering of Eght is nearly great 
enou^ to prevent the spectra being measured. The figures are given in Table 
in below under the respective headings of “ Thin ’’ and Thick.’’ 


TliiB ... 


Mm. 


e. 


9 36 
9 15 


cosec 6 , 

d. 

5-996 

10-2;* 

6-222 

10-6 


Table m. 
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It will be seen that there is very Uttle difference in the diameiiers obtained 
in the two cases, and certainly no relation between these and the mean separation 
of the cells, for in the thin jBlms the cells averaged from 2 — 10 cell diameters 
apart, while in the thick films they overlapped to some extent. These results 
must therefore be taken to nnequivocally negative Bergansins’s theory of 
lens action and interference. 

The cause of the excessive diameter given by the diffraction method is not 
very easily seen. It must be remembered, however, that the formula used is 
derived on the assumption that the cells act as though they were flat discs, 
and no accoxmt is taken of their finite thickness nor of the curvature of their 
edges. Hence there seems no good reason to discard the diftraction explanation 
in these circumstances. 

The conclusion that may justifiably be drawn is that at present the diffraction 
method is not a reliable one for obtaining absolute measurements of erythrocytes.. 
In view of the considerations as to the influence of the shape of the edge of the 
cell on the size of the spectra, one is entitled to retain some doubt as to the 
quantitative reliabihty of the method for relative measurements. In order 
to. investigate the claims of the method in this respect, certain size changes of 
erythrocytes have been followed under the diffractometer.” 

III. Effect of Hypotonidty on the Diameter. 

Blood is drawn from the median basilic vein, a small amount of potassiunr 
oxalate (10 mgms. per 10 c.c.) being added to prevent clotting. This has 
been found (5) to have no appreciable effect on the diameter of the cells. 
Part of the blood is centrifuged to obtain the plasma, the remainder being used 
for the cells. A series of dilutions of the citrate-plasma mixture is made in 
various tonicities and the cells added in the proportion of 0-1 c.c. to 2 c.c. of 
the medium. Films are prepared and at once measured, a control bdng^ 
at the same time exami n ed under the microscope. The resdts are given in 
Table IV. 


Tonicity Plasma = 


1 . 


0 . 


1 - 0*61 

e / 

9 ’36 

0*60 

9 45 

0 * 44 : 

0 56 

. 0 - 3 S 

10 30 

0*26 

10 45 


Goseo 0. 

4 . 

5*996 


5*905 

10*0 

5*797 

9-8 

5*487 

9*3 

5*356 i 

1 

9-1 


Table IV. 
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A progressive decrease in diameter is shown as the tonicity falls. This is in 
Ml accordance writh expectation if the erythrocyte is regarded as a balloon, 
and the i^nlts agree in Hnd with those fotmd by Ponder and Millar (6) using 
the photo-micrographic method. Moreover, the degree of the decrease in 
diameter is of the same order but rather smaller. If the explanation of the large 
values fonnd by the difiraction method is to be sought in the curvature of the 
cell edge, then this smaller degree of decrease is easily intelligible. For, as the 
major axis of the cell shrinks, the minor axis elongates and the cell departs 
still more from the form of a flat disc of negligible thickness, so that errors 
resulting from the original assumption would be increased. The nett observed 
decrease in diameter would thus be smaller than the actual decrease. 

IV. Alteration in the Diafneter during Saponin Hcemolysis. 

To a suspension of ceils in the citrate-plasma mixture is added saponin to 
the concentration of 1/30,000. The high concentration is necessary owing to 
the inhiWitoTy action of the plasma and to the low temperature (15° C.) which 
would otherwise necessitate long periods before the action was manifest. 
Films are made at once and measured at intervals. The results are contained 
in Table V. 


Table V. 



B. 

cosec B, 

d. 

0 

O f 

9 36 

5-996 

10-2 u 

2 mins. 

12 IS i 

4-694 1 

1 

8-0 


No effect is observed for some time, and there is then a rapid decrease in 
diameter. Almost immediately after this decrease the spectra fade away 
owing to haemolysis, and no further observations can be made. The result 
of this experiment is further evidence against the validity of Bergansius’s lens 
theory, for it is inconceivable that the cefls in a film should remain at a fixed 
average separation, and then after two minutes’ action of the saponin suddenly 
approximate. The figures given above are quite in accordance with those 
found by Ponder (7) using photography, the same qualifications applying in 
regard to the quantitative aspect, as were noted in the previous experiment. 
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V . — Effed of Drying on the Diameter of Erythrocytes. 

It is well knowa that the erythrocyte shrinks in diameter on drying, and 
a good many experiments have been performed with a view to determining 
how the diffraction method would show the change. Very much contrary 
to expectation, no significant difference has been found between the diameters 
of cells in the citrate-plasma medium and the same cells dried on the slide. 
Nor has any difference been noted in any medium, even when the dried cells 
are afterwards fixed in methyl alcohol. This fact by itself lends strong support 
to Bergansius’s theory. 

If the matter is considered further, it must be granted that the condition 
of a cell in the fresh state and that of the same cell dried on the slide cannot 
be regarded as comparable. In view of the evidence against Bergansius’s 
views it would seem that the explanation is to be sought elsewhere. Admit- 
tedly, it is not easy to formulate an entirely satisfactory explanation of the 
result, but the following suggestion, offered tentatively, may have some bearing. 

As the film dries and the liquid decreases it will tend to gather round the 
edge of the cell, and, when drying is complete, most of the solid matter will 
be deposited in this position. In direct methods of measurement this circum- 
stance will not affect the results, since each reading is taken to the actual edge 
of the cell. On the other hand, the aggregation of solid matter may effect 
the diffraction of the light, so- that too large a value is given by the diffraction 
method. 

Conclusions. 

As a result of the foregoing, the foUovnng conclusions appear to he justified : — 

In the first place, the diffraction method is not a reliable means of deter- 
mining the absolute sizes of erythrocytes. 

Secondly, changes in the size of erythrocytes can be followed during iiie 
course of an experiment with considerable delicacy, alterations of the order of 
0-S/A corresponding to a difference in angle of about 15', which is quite 
readable. On the other hand, the measurement of th^ differences is to 
some extent uncertain, owing to the formula probably requiring modification 
for change of shape of the cell. The instrument is thus somewhat analogous 
to the gold-leaf electroscope. 

The utility of the method is considerably restricted, owing to the disturbing 
effect of crenation and rouleaux formation, to avoid which spedal media are 
necessary and microscopic control essential. 

Further improvement seems possible in the provision of sourer of mono- 
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chromatic light of great intensity, and in the derivation of the fundamental 
formula from assumptions that agree better with the known shape of the cell. 
The analysis of difiraciion caused by bodies of the shape of the red cell, and 
its extension to cover the alterations in shape, would seem, however, a matter 
of very great difi&culty. 

This re^roh was carried ovt during the tenure of a Carnegie Research Scholar - 
ship^ eospenses being defrayed by a grant from the Royal Society, 


Summary, 

1. Tbe theory of tiie difEraction micrometer is discussed and a formula 
deduced for a haphazard distribution of cells. 

2. An improved form of instrument is described in which certain disadvan- 
tages are eliminated. 

3. The method is applied to a variety of size changes of human erythrocytes 
to determine its reliability. 

4. The results show that the method is not reliable for the determination 
of absolute sizes, and although, small changes of size can readily be observed^ 
the measurement of these changes is also to some extent unreliable. 
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Introdiiction. 

The work of Hill, Long and Lupton (1) on the effects of mnscnlar exercise 
in normal men, and more recently that of Euiusawa (2) on the carbohydrate 
metabolism during exercise, made it desirable to midertake a similar investi’- 
gation of the reactions to exercise of a diabetic individual with his deficient 
power of utilizing carbohydrates, Furusawa's results show that in normal 
men on an ordinary diet the respiratory quotient of the excess mei^bolism 
due to exercise is unity, for periods of moderate exercise up to about 20 minute. 
For similar exercise of longer duration the respiratory quotient of the exces® 
metabolism is lower. When the subject had been living for some time previous 
to the experiment on a diet consisting chiefly of fat, the respiratory quotient 
of the excess metabolism was still unity for exercise of very short duration, 
but fell below unity for efforts of much shorter duration than 20 minutes. In 
the diabetic the carbohydrate reserves are less than in a h^lthy man, and his 
diet is restricted as regards carbohydrate and contams an excess of fat to make 
up the requisite number of calories. The diabetic, therefore, under such 

* Working for the Industrial Fatigue Board ci tbe Medksal Besearck OounciL 
VOL. XOIX. — X 
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conditions, miglit be ejected to approximate, in regard to exercise, to a 
bealtby living on a diet largely composed of fat. In tbe present investi- 
gation tbe effect of mnscnlar exercise bas been studied in three diabetic patients 
on lines similar to those adopted by the above authors. We hoped that by 
exercising these patients with and without injections of insulin, some concep- 
tion might be formed of the rdle of insulin in the metabolic processes involved 
in muscle during and after exercise. 

Eecent work by Himwich, Loebel and Barr (3), and by Doisey, Briggs, Weber 
and Koechig (4), has shown that in the diabetic animal the formation of lactic 
acid from the glycogen of muscle on exercise is independent of the presence of 
insulin. Onr results on diabetic patients confirm this view. We desired also 
to ascertain the likelihood of the development of ketosis and diabetic coma 
as the result of exercise in diabetics, together wdth the modifications which 
insulin might have on this process ; further, there was the question of restric- 
tion of exercise in such patients, if it acted deleteriously. We attempted, 
moreover, to obtain information as to whether the dosage of insulin required 
depended on the amount of muscular work which the individual undertook, 
and also as to the need for regulation of exercise after a patient had been 
discharged from the inactive life in hospital. 

Mdhois . — ^The three male patients whom we have employed for these 
inv^tigations had been treated for diabetes meUitus, by adjustment of diet 
and injections of insulin for some time previous to the beginning of our experi- 
ment, a time varying from one month to twelve months. It had been attempted 
to render them aglycosurio and with normal blood-sugar fluctuations during 
this period- The diet and dosage of insulin were kept constant throughout, 
except that in one or two experiments the insulin was increased temporarily. 
The oteervations extended over twelve months. The extent of the diabetes 
was of moderate severity in two subjects (J. Th., aged 16, and E. S., aged 36) 
and severe in one (F. T., aged 21). Further clinical details are given in the 
Appendix. 

The ol^ervations fall into three groups, depending upon the time of the last 
injection of insulin, namely : (1) insulin injected within the last six hours, 
(2) without insulin for periods from 10 to 17 hours, (3) without insulin for 
20 to 27 hours. Meals were kept constant in amount and as regards the time 
of partaking. Where results are compared the observations were made at 
the same time of day in the case of each subject, except only in a few experi- 
ments, where for various reasons the time was altered. 

The exercise in all experiments was that of standing running for various 
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times and at different rates. The rate chiefly employed -was 156 steps per 
minute, timed to a metronome. This rate is only moderate exercise for a 
healthy man on a normal diet. A fore-period was allowed, varying from 20 
to 60 minutes, during which the subject rested before any respiratory observa- 
tions were taken. A resting sample of expired air was collected over a period 
from 10 to 15 minutes long, to allow a determination of the initial resting 
metabolism ; then from the beginning of exercise tili the end of recovery the 
eagpired air was collected in Douglas bags of various sizes. At the end of the 
recovery period another resting sample of expired air was collected for 10 to 
15 minutes, and if the initial and final resting metabolisms did not agree within 
reasonable limits the experiment was discarded. 

The urine was collected before the esp>eriment began and at varying intervals 
during the recovery period. Estimations of glucose were made by Benedict's 
method and of total nitrogen by the Kjeldahl method on these specimens. 
The urinary ketones were examined by a rough quantitative method of diluting 
the urines to equal volumes, and observing the colour produced in one minute 
by means of the Eothera sodium-nitroprusside test. All the specimens from 
one experiment were examined at the same time and the tubes set side by side 
so that the colours might be compared simultaneously. The depth of colour 
was recorded by a symbol varying from — to +++ . 

Blood samples for sugar estimation were taken several times during an 
experiment, at least once every half-hour, and often more frequently. The 
glucose content was estimated by Maclean’s (5) method, the small amount of 
blood required (0-2 c.c.) permitting frequent samples to be l^ken by pricking 
the lobule of the ear. For lactic acid estimations by Clausen’s method (6) 
blood was withdrawn from the median basilic vein, as also for the ^imation 
of acetone bodies by Shaffer’s (7) and van Slyke’s (8) methods. These blood 
samples were taken before exercise, immediately after exercise, and at the 
end of recovery. In some cases, where the ketones alone were being ^timated, 
the blood was taken at the beginning and at the end of the experiment. 

Part 7. — (A) The oxygen requirement ani the oxygen AM of exercise. 

The first question which we sought to answer was, are the processes 
involved in muscular exercise the same in the diabetic as they are in the normal 
man ? BBll, Long and Lupton, in their experiments on normal m^, studied 
the oxygen intake, the oxygen debt, the oxygen requirement and the duration 
of the recovery following exercise of varying severity. They have shown the 
inter-relations of these several quantiti^. If the exercise he mild, the oxy^n 

X 2 
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requirement is readily met by the actual oxygen intake of the body ; con- 
seqnently, the oxygen debt is small and recovery rapid. On the other hand, 
if the exercise be severe, it may not be possible to meet the oxygen requirement 
by oxygen intake during the exercise ; the oxygen debt becomes large and 
r^x>very is protracted. These relations have been studied in our three diabetic 
subjects. (See Table I and fig. 1.) 

Table I. — ^Recovery Data, Subject F.T. 


1. — ^156 steps per minute for 5 minutes. Besting, OO 2 /O 2 = 207/308 == 0-68 ; 
Tenitilation, 5*7 litares per minute ; exercise (last minute), CO 2 /O 2 == 1560/1820 = 0*86 ; 
oxygen debt (26| minutes’ collection) = 1600 c.o 


Intervais dE ooBeotaon* 

15^ 

30^ 

1' 

1 6' 

10' 

10' 

md point of interval .... 


30' 

V 15' 

4r 

11}' 

21}' 

0- C.C. per minute 

1,780 

1,158 

826 

370 

279 

315 

B.Q. 

¥mtalation, litres per 

0*81 

0*92 

0*92 

1*0 

0*76 

0*73 

per minute 

36*2 i 

j 

26*6 

19*8 

10*9 

6*9 

7*0 


Mxperim&ni 2. — ^220 steps per minute for 3^ minutes. Resting values as in Experiment 1. 
Exercise {last minute), COJO^ = 2260/2530 = 0*89; oxygen debt (26} minutes’ 
ooUeetkm) = 3300 c.o. 


Duratum of interval .... 

15' 

30' 

1' 

5' 

10' 

10' 

MM point of interval 





1 » 


(from end of exmnise) 

w 

30' 

1' 16' 


Hi' 

21}' 

0« O.C. per minute 

1,830 

1,502 

846 

664 

362 

306 

B.Q 

0*85 

0*93 

1*04 

0*91 

0*82 

0*71 

YeuMlation, litres jier ! 







■mmntfti .... 

39*2 

31*8 

23*0 

13*7 

8*95 

6*86 


* Starting from end of exercise. 


SUMMAEY. 


— 

Exercise. 

Requirement 
of Exercise, 
c.c.permin. 

Max. O 2 
Intake, 
c.c. per min. 

O 2 Debt, 

c.c. 

Completion 

of 

Recovery, 

Experiment 1 

166 steps per minute for 

6 minu^ 

2,100 

1,820 

1,500 

12 mins. 

Espmment 2 

220 steps per minute for 
Zi minutes. 

3,500 

2,630 

3,300 

27 mins 


Fig. 1 represents the two curves obtained by plotting the excess oxygen 
used during recovery from exercise, with the time as abscissa, for mild and 
more strenuous exertion respectively. If these recovery curves be compared 
with those of normal individuals who have undertaken similar exercise, they 




Excess O2 — litres/min. 
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■will be found to be similar both in shape and as regards the timA required for 
the return of the subject to his resting condition. 

The oxT'gen intake and the maximum oxygen debt for this subject (F.T.), 
as also for the others though to a lesser degree, appear to be *aTnan^ and the 
more strenuous exercise caused him fairly severe exhaustion : he appeared not 
to be capable of the intense efEorts 'which can be made by normal healthy 
individuals. The oxygen intake in Experiment 2 being obviously somewhere 



!Fig. 1. — Oxygen intake during recoveiy. HorizontaDy, time from cessation of ex^rdlse : 
vertically, rate of oxygen intake in litres per minute in excess of resting. Exercise 
ended at zero time. Subject F.T. Curve A : Exercise of 156 steps per minute for 
5 minutes, showing curve rapidly falling to base line. Curve B : Exercise of ^0 steps 
per minute for 3 minutes. Curve, falling less rapidly, showing slow^ recovery from 
the more strenuous exercise of less duration. 

near its m ayinmm y the oxygen debt could no doubt be exceeded by sutetitutiiJg 
more violent exercise of shorter duration. In E.S., a less-severe diabetic, 
oxygen debts of 5 to *6 litres have been noted, while his maximum oxygen intake 
is about 3 litres per minute. 

The respiratory quotient following exercise shows the usual feature of a rise 
followed by a fall. The rise does not appear to be as pmEOunced as in the 
normal, but it must be remembered that the diabetic starts with a much lower 
resting respiratory quotient. The phenmiMmon ^ cart^m^dicmde letentiua 
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in the later stages of recovery, with, its consequent fall in the respiratory 
quotient below the resting level, also has been observed, but no detailed study 
has been made of this point. 

(jB) Ladic acid formation and removal. 

Among the numerous syntheses and breakdowns which carbohydrate 
tindeigoes in the body is the conversion of glycogen, possibly through some 
intermediary, into lactic acid, this being followed during recovery by the recon- 
v^ion of lactic acid into glycogen. It was of interest, therefore, to determine 
whether, following muscular exercise in diabetics, the production and removal 
of lactic acid were similar to those occurring in normal individuals. Table II 
contains observations of the amount of lactic acid in the venous blood of a 
subject before, during, and following both mild and severe exertion. 


Table II. — ^Lactic Acid in Blood. 


Date 

of 

Ibqperi* 

ment. 

Length 

and Severity of 
Exercise. 

Subject. 

Moment 

of 

Observation. 

Lactic 
Acid in 
Blood. 
Mgms. per 
100 c.c. 

Remarks. 

8/11/24 

166 steps per 
minute for 8 
minutes 

J.Th. 

Rest 

Immediately after ex- 
ercise 

103 minutes after ex- 
ercise 

28-0 

78-0 

26*6 

With insulin. 

tofllfU 

Ditto for 8 minutes 

J.Th. 

Rest 

Immediately after ex- 
ercise 

90 minutes after exer- 
cise 

13*8 

21*4 

11*7 

Without insulin 
16 hours. 

ifU/U 

Ditto for 8 minutes 

J.Th. 

i 

lEtest 

Immediately after ex- 
ercise 

102 minutes after exer- 
cise 

47*0* 

76*5 

49*5* 

Without insulin 
29 hours. 

27/2/25 

Ditto for 8 minutes 

F.T. 

Rest 

Immediately after ex- 
ercise 

Ill minutes after exer- 
cise 

20*4 

38*2 

25*9 

Without insulin 
23 hours. 

36/11/34 

IHtto for $ minutes 

! J.T. 

— 

Rest 

Immediately after ex- 
ercise 

112 minutes after exer- 
cise 

21*4 

52*9 

27*6 

Without insulin 
20 hours. 


* It wc^old seem doubtful whether all of this lepresents lactic acid. 
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Table II — (contd.). 


Date 

of 

Experi- 

ment. 

Length 

and Severity of 
Exercise. 

Subject. 

Moment 

of 

Observation. 

Lactic 
Acid in 
Blood. 
Mgms. per 
100 c.c. 

Remarks. 

22/1/25 

Ditto for 8 minutes 

F.T. 

Rest 

Immediately after ex- 
ercise 

103 minutes after exer- 
cise 

15-1 

26-3 

14-7 

Without insulin 
10 hours. 

14/6/24 

210 steps per 
minute for 
minutes 

E.T. 

Rest 

86 minutes after exer- 
cise 

18-6 

19-7 

With insulin. 


Ditto 

E.T. 

Rest 

100 minutes after exer- 
cise 

36-8 

21-0 

Without insulin 
13 hours. 


“All out” 101 
seconds. 

E.T. 

Rest 

95 minutes after exer- 
cise 

21-6 

16-2 

Without insulin. 

12/6/24 

“.All out” 50 
seconds. 

E.T. 

Rest 

70 minutes after exer- 
cise 

32-4 

29-0 

With insulin. 

19/1/26 

156 steps per 
minute for 8 
minutes 

E.T. 

Rest 

Immediately after ex- 
ercise 

108 minutes after exer- 
cise 

21-1 

36*5 

26-4 

Wil^L insulin. 

16/6/24 

210 steps per 
minute for SJ 
minutes 

j 

E.S. 

Rest 

4 minutes after exer- 
cise ... 

45 minutes after exer- 
cise i 

28-4 

" 93-4 

66-1* 

With insulin. 

zi^m 

Ditto ^ 

E.S. 

Rest 

2 minutes after exer- 
cise 

120 minutes after exer- 
cise 

21-0 

62-0 

13-7 

Without Ixmulin. 

22/6/24 

Ditto 

E,a 

Rest 

2 minutes after exer- 
cise 

110 minutes after exer- 
cise 

28-9 

86-9 

30-3 

Wiihout insulin 
16 hours. 

14/12/24 

156 steps per 
minute, for 8 
minute 

E.S. 

Rest ; 

3 minutes after ex^- 

cise 

114 minutes after exer- 
cise 

23-8 

50-9 

26-2 

Without insulm 
13 hours. 

1512/^ 

Ditto 

E.S. 

Rest 

3 minutes after ex^- 

cise 

83 minutes after exer- 
cise 

14-1 

63-2 

22*4 

Without mwilm 
27 hours. 


* TTiifl higher figure presumably due to the ehort period dt recovery peoutted. 
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i£ these restilts be compared -with those given by Hill, Long and Lupton (1) 
for similar experiments on normal men, it will be seen that the character of 
the r^ponse to mnscnlar exercise, as evidenced by the increase and the snbse- 
qmnt decrease* in the lactic acid concentration in the blood, is the same both in 
diabetics and in normal individuals. 

In some of these experiments the increase in lactic acid was not as great as 
in others, where apparently the same exercise had been taken for a similar 
time. It is probable that in these experiments the subject did not put so much 
effort into the exercise and that he flagged towards the end. In the case of the 
subject E.S., who is a fairly fit man and always did his best at the exercise, 
increase in lactic acid is consistently large and quite comparable with that 
occurring in normal men under s imila r conditions. 

In normal men the general result of previous experiments is that in strenuous 
excise the lactic-acid content of. the blood rises to values of about 70 mgms. per 
100 c.c. In mild exercise it hardly ever reaches such figures. If our obser- 
rations on diabetic patients be examined from this point of view it will be seen 
that they are closely analogous to the results obtained on normal men. The 
time required for the removal of the extra lactic acid produced by exercise 
is also about the same in both cases : moreover, in the diabetic subject the 
result appears not to be affected by the presence or absence of exogenous 
insulin. 

It would seem, therefore, that the production of lactic acid from glvcogen 
and the subsequent removal of this lactic acid during recovery are not dependent 
on the presence or absence of insulin in the body. We are able in this respect 
to confirm the work of others on this phase of carbohydrate metabolism. 


Part IL~The respircOory quotient of the excess Tmtabolism. 

By tie excess metabolism is impHed the total oxygen used and tie total 
option dioxide expired as tie result of an interval of exercise, over and above 
tbe resting values for an equal period of time. Tbe process considered involvea 
both e^iseandrecovery. Tbe respiratory quotient of this excess metaboKsm 
is an mdex of tbe metaboKc changes, provided that certain precautions are taken. 
The es^ntial condition is that at the end of the period of coUection of the 
expJiBd ^ the subject should have completed his recovery and be in the 
same bodily condition as when the exercise commenced. Thus the hydrogen 
m ooncentmtion of his tissue fluids should be at the resting level again. Indi- 
cations of this are provided by a measurement of his lung ventUation, or of 
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the partial pressure of carbon dioxide in his alveolar air. Fnrtherj the lactic 
acid content of his blood should have returned to its previous level and his 
final resting’metabolism should be identical with that before exercise ; otherwise 
the experiment from this point of view is of no value. When these conditions 
are satisfied the excess oxygen usage and the excess carbon dioxide eliminated 
are due only to the exercise, and the respiratory quotient gives us an idea of the 
nature of the metabolism associated with the exercise. 

The experimental methods employed and the results obtained on normal men. 
have been described in dull in the papers of Hill, Long and Lupton (1) and of 
Furusawa (2). In the present investigation the chief interest Hes in the respira- 
tory quotient of the excess metabolism rather than in the actual magnitude of 
the oxygen requirement for any given type of exercise. The essential feature 
of Funisawa’s results was that normal men, on a normal diet, possessed sufficient 
stores of carbohydrate, immediately available, to enable them to exercise at a- 
moderate rate (about 150 steps per minute) for an appreciable time, up to 20' 
minutes, at the expense of carbohydrate alone. As the result of longer intervals 
of exercise other substances begin to be utilised. If the carbohydrate stores 
had been previously depleted, as the result of subjection for some days to a* 
diet largely composed of fat, then the utilisation of other subsiances came into 
operation earlier, —-at 150 steps per minute after a few minutes only. TM& 
point has been investigated in some detail in our three subjects. We have 
performed altogether some fitfty experiments on this aspect of the question, 
the time of exercise varying from half a minute to 8 minutes. Longer periods 
of exercise were not considered justifiable on account of the condition of the 
subjects, and were indeed not necessary, as our results shovr. The time allowed 
for recovery from the exercise is of the greatest importance. We have ^en 
30 minutes recovery for the half-minute intervals of exercise, and up to .2 hours, 
for the 8-minute periods. 

The results obtained are similar in type but difierent in degree for the ihree 
subjects. In every case the respiratory quotient at rest was low, as was to 
be expected from the diet on which the three subjects were maintained. The 
experiments can be divided into three categoric®, (a) in which msalm had been 
admmistered during the previous six hours, (&) in which the la^ dose of msulm 
had been given 10 to 17 hours previously, and (c) in which the subject had been 
without for 20 to 30 hou^. 3he follqwu^ tabl^ that no serious 

or the afeence of imuSn. , ^ 
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Table III.— Kespiratory Quotient of the Excess Metabolism. Exercise, standing ru nnin g at 

156 steps per min. in all Experiments. 

* A, Subject E, 8 


Ho. 

of 

Exp. 

of 

Exer- 

dse^ 

lliffTrVR. 

Mean 
Besting 
Value, 
COJO*, 
e.c. per 

Besting 

B.Q. 

Time 

of 

Collec- 

tion, 

Mins. 

Total 

Metabolism, 

CO 4 /O 2 

(C.C.). 

Bxceas 

Metabolism, 

COs/0. 

( 0 . 0 .). 

R.Q. 
of excess 
meta- 
bolism. 

Bemarks. 

1 

0*5 

274/387 

0-72 

32 

10450A4230 

1700/1805 

0-92* 

Insulin within last 6 hours. 

2 

1-0 

286/373 

0-77 

41 

16164/18732 

3394/3432 

0-99* 

7f 9* it 

Z 

3-0 

212/268 

0-82 

40 

16970/176^ 

8490/7320 

1-16- 

99 99 99 

4 

4-3 

^/408 

0-74 

74 

31680/39140 

9780/8940 

1-09* 

99 99 99 

3 

5-0 

212/289 

0-79 

06 

29630/32540 

1686 OA 6 O 60 

1-05* 

99 99 99 

6 

8-0 

277/371 

0-75 

81 

35950/44260 

13650/14250 

0-95* 

99 99 99 

7 

8-0 

212/290 

0-73 

i 102 

41479/69086 

1 19886/19655 

1 

1 1 . 02 * 

Insulin within last 6 hours. 
O 2 intake durmg exer- 
cise 2125 c.c. per min. 

S 

3-0 

! 301/381 

0-79 

68 

31220/35072 

10970/9222 

! 1-09* 

j Insulin within last 10-17 
hours. 

9 

8-0 

1 212/284 

i 0-75 

S6 

44900/56270 

26900/32020 

1 0 - 86 * 

1 99 9> 99 

10 

8-0 

' 328/406 

; 0-80 

114 

65409/73466 

28009/26956 

j 1-04* 

99 99 99 

11 

0-5 

j 305/384 

! 0-79 

31 

! 

10904/13934 

1454/2034 

1 0-72t 

i Without insulin 20-30 
' hours. 

n 

5-0 

284/375 

1 0-73 

1 73 

28021/38889 

7241/11489 

0-63t 

1 

! Without insulin 20-30 

I hours. 0 2 intake during 
exercise 1980 c.c. per 
min. 

1 

u 

8-0 

266/340 

i 0-78 

i 

i 

1 

i 

i 

35808/43(^ 

16808/18286 

i 

i 

1 

0*90t 

i 


B. 8vi>j€ct J, Th, 


i 

1 

0-5 

1 

22S/m 

i 0-74 

17-0 

: 5300/6830 

1510/1670 

0-91* 

Insulin within last 6 hours. 

2 

1-0 

203/287 

0-71 

27-0 

8960A1100 i 

3480/3350 

1-03* 

99 99 99 

3 

3-0 

195/278 

0-70 

48-0 

: 16960/21965 

7600/8645 

1 0-89* 


4 

6-0 

191/238 1 

0-81 

57-0 

26140/30810 

16260/17230 

0-89t 

1 » 99 99 

5 

8-0 ! 

216/312 ; 

0-70 

103-0 

' 38567/60497 

1 16347/18347 

0-89t 


6 

1-0 

217/302 

0-72 1 

26-0 

9500/11630 

1 3600/3780 

0-95* 

Insulin within last 10-17 
hours. 

7 

3-0 

232/311 i 

0-76 

53-0 

18680/22860 

1 6186/6050 

1 - 02 * 


8 

5-0 

214/289 

0-74 

73-0 

27356/34010 

I 11766/12910 

0-91t 1 

Insulin within last 10-17 
hours. Ojj intake during 
exercise 2128 e.c. per 
min. 

Insulin within last 10-17 
hours. 

Without insulin 20-30 
hours. 

9 

8-0 

1 241/323 , 

0-75 

99-0 

36220/46590 ; 

11400/14590 

0-78J 1 

10 

1 

5-0 

179/m 1 

0-77 

88-0 

26084/35611 | 

10364/16011 

0-70t 

11 

8-0 

2M/301 

0-80 

102-0 

1 39780/48494 i 

j 

1 

15330/17794 

1 

1 

0 * 86 t 1 

i 

Without insnlm 20-30 
hours. O 2 intake during 
exercise 1874 c.c. per 
min. 
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No. 

of 

Exp. 

Duration 

Exer- 

cise, 

Mins. 

Mean 
Besting 
Value, 
COJOs, 
c.c. per 
Min. 

' Besting 

R.Q. 1 

i 

' 1 

Time 

of 

CoUec- 

tion, 

Mins. 

Total 

Metabolism, 

CO 2 /O 2 

{C.C.). 

Excess 

Metabolism, 

CO 2 /O 2 

(c.c.). 

B.Q. 
of excess 
meta- 
bolism. 

Bemarks. 

1 

I'O 

123/156 

0-79 

30 

6456/8146 ' 

2746/3440 

0-80* 

Insulin within last 6 hours. 

2 

3-5 

226/290 

0*78 

86 

26880/32190 

7530/7300 

1*04* 

33 J» 

S 

5*0 

147/192 

0*77 

59h 

16360/20620 

7610/9200 

0*83t 

3> 33 J 

4 

8-0 

244/332 

0*71 

108 

41657/52041 

15257/10141 

0*95t 


5 

8*0 

128/173 

0*74 

75 

22830/28695 

9600/12960 

0-84J 


6 

3*5 

193/239 

0*81 

100 

29530/34640 , 

. 10230/10640 

0*96* 

Insulin within last 10-17 

7 

5*0 

1 

' 269/341 

1 0*76 

76^ i 

28960/37060 ! 

9160/10550 

• 0*87J 

hours. 

33 33 33 

8 

8*0 

; 238/295 

! 0*81 

103 j 

37228/48292 : 

12782/17892 

. 0-72J 

Insulin within last 10^17 

9 

0^5 

j 221/296 

j 

i 0*75 

1 

31 

8468/11148 : 

1618/1898 

1 0 * 86 t 

hours. Os intahe 2340 
c.c. per min. 

Without insulin 20-30 

10 

1*0 ; 

218/288 

i 0*77 

36 : 

10810/14170 

2745/3240 

0 - 86 - 


hours. 

33 33 33 

11 

3-0 1 

191/262 1 

i 0*73 1 

58 ! 

11070/16190 ; 

9995/12155 

0*82i 


33 9 f 33 

12 

5*0 j 

196/266 

0*74 

71 

23470/30230 ' 

9570/11430 

0-841 


33 33 33 

13 i 

6^0 

193/260 i 

0-74 j 

94 

26906/36344 

8786/10944 : 

0-81* 


33 33 33 

14 

8-0 

236)323 i 

0*73 ; 

112 

34412/46780 

7962/9580 

0*83* 


33 33 33 

15 j 

8-0 

177/235 1 

0*75 

111 j 

32266/42729 

12580/16629 

0-761 


33 33 33 


* 1116 avOTage value for the B.Q. of the excess metabolism in these 18 cases is 0*09, as compared Tvith an 
average resting B.Q. of 0*76 — see text. (Category x.) 

j: The average value for the B.Q. for the excess metabolism in these 9 cases is 0 * 85, as compared with an average 
resting E.Q. of 0*76. (Category y.) 

t The av^age value for the B.Q. of the excess metabolism in these 12 cases is 0’80, as compared with an 
average r^ing B.Q. of 9-76. (Category z,) 


Table IV. — Bespiratory Quotient at Best : Average of Besults in Table III. 


Category. j 

1 

Subject E. T, 

1 

J. Th. i 

E. S. 

Average. 

a 

0*76 

— 


0*75 

b 

0*79 



0-77 

c * 

0*74 

■■ 


0-76 


Average of all = 0*76 


The average respiratory quotient for all the experiments on the rating 
metabolism is 0 - 76 , which implies that of the energy utilised by the body at 
rest some 18 per cent, came from the oxidation of carbohydrate and 82 per 
cent, from the oxidation of fat (neglecting any correction for the amoirnt of 
protein being metabolised, and counting protein as fet). 

The oxygen intake at rest in the three subjects is given in Table V. 
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Table V.— Oxygen Intake at Eest : c.c. per minute : i.verage of Eesults in 

Table III. 


Category, 

Subject F. T. 

J.Th. 

E. S, 

Average. 

a ! 

228 ^ 

284 

337 

283 

b 1 

292 

306 

357 

318 


275 

267 

366 

303 


of all = 301 c.c. per minufee, which is e(g[id valent to 1*46 calories per minute or 2100 
calories per day. 


The values recorded are distinctly Hghj appreciably higher than in normal 
men of the same weight. For example in C.N.H.L., who is both a heavier and 
a more vigorous subject than the three experimented on, the resting oxygen 
intake is about 250 c.c. per minute in a number of experiments. Whether there 
is any meaning in this greater metabolism we cannot say : we have not examined 
the matter specifically. It is obvious, however, from Table 5, that the recent 
administration, or the absence, of insulin produced no obvious result (on the 
avera^) in the resting oxygen intake. We have not measured the true basal 
mestaboliam of these subjects, but the resting metabolism is appreciably greater 
than in normal men under similar conditions. Such figures as we have some- 
times recorded (e.g, for E.S. lying at rest, over 400 c.c. per minute) would be 
open to grave suspicion, were it not for the fact that the resting respiratory 
quotient shows very constant values in spite of this wide range in the figures 
of the gaseous exchange. The average value for all these subjects is about 
300 c.c. per minute, which with a respiratory quotient of ()-76 implies the 
oaddaiion of (Aoid 100 ^pms. of cQ^rbohydrate per day for the resting individual. 

The most important point brought out by the experiments of Table III 
concerns the respiratory quotient of the excess metabolism. For this purpose 
the experiments have been divided into three categories, (a^), (y) and ( 2 :) : 
{x) = insulin in the last 17 hours : exercise, E.S. up to 8 minutes, J.Th. up to 
3 minutes, F.T. up to 3| minutes ; (y) = insulin in the last 17 hours : exercise, F.T. 
5 to 8 minutes, J.Th. 5 to 8 minutes ; (z) = all subjects without insulin 20 to 
30 hours : all periods of exercise 0 • 5 to 8 minutes. The subject E.S. is obviously 
in a higher category than the others : in physique and in general appearance 
he seems a healthy robust man ; he regularly follows his occupation and indulges 
in outdoor sport of not too vigorous a nature. He approximates most closely 
to the normal man, indeed a normal individual living on a fat diet yields 
simikr results to his. 
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The three categories {x\ {y) and {z) are obviously to some degree arbitrary : 
they do, however, represent in general : — (x) exercise of short duration with 
recent administration of insulin ; {y) exercise of longer duration with recent 
administration of insuhn ; ( 2 ) aU durations of exercise in the absence of a 
recent administration of insulin. The results of this classification are very 
striking. In category {x) the average value for the respiratory quotient of the 
excess metabohsm in 17 experiments is 0-99 as compared with a previous 
average respiratory quotient of 0*76 : clearly a diabetic subject with a recent 
administration of imidin, undertaking exercise of moderate duration and intensity, 
even on a diet largely comisting of fat, oxidises nothing hut carbohydrate to meet 
the energy expenditure of his muscles. This entirely confirms the conclusions 
of Furusawa in his studies of normal men on a fatty diet, and extends 
them to the case of a diabetic with a lecent administration of insulin. In 
-category {y), exercise of longer duration with a recent administration of 
insulin gave a respiratory quotient of the excess metabolism of 0*85 as com- 
pared with a resting respiratory quotient of 0*76. This again is analogous to 
Furusawa’s results on normal men on a fatty diet, undergoing exercise of longer 
duration. It implies that, although at rest only 16 per cent, of the energy was 
being derived from carbohydrate, the excess energy expended as the result of 
5 to 8 minutes of exercise was derived, 50 per cent, of it from carbohydrate, 
^60 per cent, from fat. In category ( 2 ), exercise of short-, moderate or long dura- 
tion without recent administration of insulin, the average respiratory quotient 
of the excess metabolism is 0*80 compared with a previous average renting 
value of 0*76. This implies that, whereas at rest 18 per cent, of the energy 
was beirg derived from carbohydrate, the excess energy due to muscular 
oxercise was derived from carbohydrate to the extent of about 32 per cent. 

Burn and Dale (9) have proved that eviscerated preparations of cats, 
either normal or previously rendered diabetic by complete pancreatectomy, 
show a respiratory quotient of unity which remains practically uiH^hanged 
under the action of insulin. Obviously the muscles, even of a completely 
diabetic animal, are able to oxidise carbohydrate alone. In our experiments, 
as in Furusawa’s, human subjects with a sufl&cient supply of exogenous or 
endogenous msuHn carry out exercise of short duration at the expense only 
•of the oxidation of carbohydrate. When the exerci^ k prolonged, further 
processes are involved, which, it is difficult not to believe, imply the trans- 
formation of some other food substance to carbohyifrate, which is so rendered 
available for the metabolism of the muscles* In the absence of instilin tiie 
Tespiratory quotient of the excess metabolism appaamtiiy is never unity. 



292 


K. S. Hetzel and C. N. H. Long. 

however short the interval of exercise. Even so the values found show that 
about twice as large a proportion of the energy required for muscular exercise 
is bang obtained from ^rbohydrate, as previously at rest. 

It would appear that the results found on diabetic patients undertaldng 
exercise without insulin, represent merely an exaggeration and an extension 
of the phenomena observable on normal men on a fatty diet, or undertaking 
prolonged exercise. In the presence of insulin there is a sufficient store of 
carbohydrate in a form readily available for use by the muscles. Only when 
the exercise is of short duration is there no necessity for this to be replaced. 
When the exercise is of longer duration it is restored by the transformation 
of some other substance before recovery is- complete. In subjects without 
insulin for some time previously, the store of carbohydrate readily available 
for use by the mi^les has been so depleted that even the most moderate 
muscular exertion is followed by a restoration of the carbohydrate utilised 
as the result of the metabolism of the muscles. 

If, as some would suppose, the muscles can oxidise fat directly to supply 
the eneigy necessary for the recovery process in muscle, it is difficult to under- 
st^ why diabetic subjects, obviously needing to conserve their carbohydrate, 
living on a diet poor m carbohydrate, and without insulin in some cases from 
10 to 17 hours, should nevertheless (in exercise of short duration) proceed 
to oxidise oaribohyiraie ofdy to supply the energy required. It is far simpler 
to su^KKe that the muscles themselves utilise carbohydrate only, both in the 
nOTmal and in the diabetic organism, and that so far as concerns the muscles 
uisulin IS necessary only in order to maintain at a sufficiently high level the 

store of carbohydrate, in some readily available form, for use in the oxidations 
necessary for recovery. 

Our subject, E.T., is the most severe diabetic of the three. His physique 
K not as good as that of the others, although recently he has improved greatly 
It IS mterestmg to record that this subject complains far more than the others 
o weariness after the longer periods of exercise. Furusawa and other observers 
have not^ great weariness when exercising a normal subject after some days 
on a at diet.^ This further emphasises our beHef that these diabetic subjects 

Tw ^ same case as normal subjects 

who had hved for some time on a diet free of, or poor in, carbohydrate. 


Part III.— Observations on the Bhod-Sugar. 

_ Snoe execreise increases the utilisation of carbohydrate by the diabetic, and 
smoe vanafaons occur in the extent of this utilisation with and without 
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2*iqs. 2-5. — ^Effect of exercise on blood-sugar. 

Subject ILS. — Ordmate = blood-sugar per cent. Abscissa = time in minutes. 

In aU figures a vertical arrow denotes exercise undertaken, at 156 steps per mnmte 
(unless otherwise stated) for the period noted. 

Eig. 2. — ^Exercise 8 minutes. Curve A. : Insulin hours, food 3 hours before the expmi- 
ment. Curve B. : Insulin hours, food 2J hours before the experiment. Cbrve C. : 
Insulin 27 hours, food 2 hours before the experiment. 

Fig. 3. — ^Exercise 5 minutes. Curve A. : Insulin 4J hours, food 3f hours b^ore. Curve B. : 
Insulin 13J hours, food 2 hours before. Curve C. : InsiiHn 27J hours, food 2 hours 
before. Cmve D. : The gradually falling blood-sugar of a diabetic at rest, insulin 
13 hours, food 2 hours b^ore. 

Fig. 4. — Curve A. : Exercise 3 J minutes, at 210 steps per minute. IiBulm 2| hours, food 
2 hours before. Curve Bj : Exercise 104 seconds “ all out.*’ Imulin 13 hours, food 
2J hours before. At G, 30 gms. of glucose taken by mouth. Exercise 101 seconds 
“ all out.” Curve B* : Exercise 3 minutes. Insulin 15 hours, food 3^ hours before. 
Curve Bs : Exercise Sf minutes at 210 steps per minute. Insul i n 14 hours, food 
2J hours before. 

Fig. 5. — Two blood-sugar curves made under similar conditionfi* InsuHn 13 hours, food 
12 J hours before. At G, in each case, 40 gms. of gluco^ tak^ by mouth. Curve B. ; 
Subject at rest throughout. Curve B. : Exert^ 5 minutes. 
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. Fres. 6-9. — Subject F.T. Effect of exercise on blood-sugar. Ordinate = blood-sugar 
per cent. Abscissa = time in minutes. 

■ Fra. 6. — ^Exercise 8 minutes. Curve A. : Insulin 5 hours, food boura before. Curve : 
Insulin 11 hours, food 5 hours before. Curve : Insulin 10 hours, food 4 hours 
bdfore. Curve C, : Insulin 23 hours, food 4J hours before. Cf. B. Curve B. : 
■yiroughout. Insulin 231 hours, food 4J hours before. 

Fio. 7. — ^Exercise 5 minute. Curve A. : Insulin 5 J hours, food 5 hours before. Curve B. : 
Baulin 10 hours, food 4J hours h^ore. Of. B. Carve C. : Insulin 23 hours, food 
4J hours before. Curve B. : Besting control. Insulin 10 hours, food 4 hours before. 

Wm. 8. — ^Various periods of exercise. Curve A. : Exercise 1 and 3 minutes. Insulin 
6 hours, food 5|- hours before. Curve B. : Exercise 100 seconds “ ail out.’’ Insnlin 
11 i^mrs, food 5 hours bdfore. Cf. B. Curve : Exercise J and 1 minute. Insulin 
22 hours, food 3 hours before. Curve Cg : Exercise 3 minutes. Insxdin 24 hours, 
food 5 hours b^ore. Curve B. : Besting control, T-nsmlin 10 hours, food 4 hours 
before. ^ 

9. — Two experiments performed at the same hour on consecutive days. At G, 
40 gms. of ^uoose were ingested in each case. Insulin 4J hours, food 4 hours before. 
Curve B. : Subject at rest throughout — glycosuria persisted. Cmcve A. ; Exercise 
. 5 minutes. Brine sugar-free at end of expenmmt. 
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exogenous insulin, it was obviously desirable to ascertain w'hether corresponding 
variations occurred in tbe blood-sugar. 

In experiments where insulin had been injected within the past six hours, 
and the blood-sugar was low to begin with, exercise had little or no observable 
effect on its concentration : it remained low^ If the blood-sugar was not high, 
but above 0 • 10 to 0*12 per cent., exercise lowered it rapidly to beloiv 0 • 10 per ' 
cent. In none of our experiments where the initial blood-sugar was low did 
exercise bring on symftcmis of hypoglycamia, although it will be seen below 
that exercise undertaken under such conditions, wMe there was any excess 
of insulin in the tissues, would cause a rapid lowering of the sugar concentration 
in the blood to the hypoglycsemic level. 

Curve A, fig. 6, and curve A, fig. 7, represent graphically the results of an 
experiment in which exercise was undertaken within 6 hours of the injection 
of insulin, which occurred immediately before a meal. 

When insulin is withheld from a diabetic patient for 10 to 17 hours, hyper- 
glycaemia results from the ingestion and absorption of food, due to the moderate 
quantity of insulin in the tissues. This hyperglycmmia from absorption of 
carbohydrates rises to a maximum in 1 to 2 hours and then slowly decreases. 
This fall in the blood-sugar concentration is slower the more diabetic the 
patient is, that is, the less endogenous insulin there is to assist in the meta- 
bolism of the glucose. This gradual and continued fall of blood-sugar, in a 
resting diabetic subject, to whom insulin had not been given for 13 hours 
but who had partaken of food two hours previously, is demonstrated in curve D, 
fig. 3. 

The effect of exercise under these conditions is to bring about a rapid fall in 
the blood-sugar level, i.e., to produce rapidly what would occur gradually at 
rest. It is not likely that exercise should cause any great increase in the 
production or liberation of insulin by a deficient pancreas, and what apparently 
happens is that the restorative and oxidative processes are quickened with the 
insulin still available. The bloodnsugar fails to a level ranging between 0-07 
and 0*11 per cent, or higher, depending on the severity and length of the exer- 
cise, as well as on the height of the initial hypeiglyesemia. Curve B, fig. 8, 
embodies the result of such an experiment, where the blood-^ugar was watched 
for 1|- hours before the exercise was undertaken. During tihis preliminary 
period the blood-sugar was practically stationary with a sli^t tendency to fall. 
Exercise caused an abrupt fall, after which the gradual resting fall recurred. 

The subjects varied as regards the time intearval, foSowing the infection of 
insulin, during which the above effect of exercise was shown. At tbe end of 
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10 hours from the last injection of insulin, E.T., who receiv’ed three doses of 
insulin totalling 50 units per diem, sometimes showed a fall as the result of 
e^rcise, and at other times no effect was produced beyond that which would 
have occurred at rest. Curve Bj and Bg, fig. 6, demonstrate the results of two 
such esperiments, the former showing a fairly rapid fall, the latter only the 
pidinary slowly falling curve of a diabetic at rest. In order to show that in this 
subject, E.T., a rapid fall of blood-sugar would occur had he an adequate supply 
of insulin in his bo<ly, he was given a weighed amount of glucose following his 
usual amount of insulin with a meal a few hour^ before. On one day he was 
^ven 40 gms. of glucose by mouth, and the blood-sugar was determined for 
2| hours following the ingestion, and for one hour previous to it. Two days 
later the experiment was repeated under similar conditions, and when, judging 
from fie previous experiment, it was expected that the blood-sugar had reached 
its maximum point, exercise was imdeitaken and the effect on the blood-sugar 
noted. Curves A and D, fig. 9, represent the results obtained. The difference 
produced by exercise is striking, so that even in the severe diabetic the rapid 
fall of blood-sugar following exercise can be demonstrated, provided that there 
is adequate exogenous insulin in the ti^ues. 

The subject E.S. showed the effects just described even when insulin had been 
omitted for 24 hours. His diabetes is not so severe as that of F;T., and pre- 
sumably his production of endogenous insulin is greater. In F.T., when insulin 
had not been given for 24 hours, exercise had little effect on the concentration 
glucose in the blood ; curves C and D, fig. 6, representing experiments on 
E.T., are practically identical. In these insulin had been withheld for 23 hours, 
food being taken as usual. Curve C shows the behaviour of the blood-sugar 
before and after 8 minutes of exercise, curve D the behaviour during rest 
throughout. 

An attempt was made in the subject E.S. to sho^ that the rapid fallof blood- 
sugar following exercise occurred only when he had available insulin in his 
tissue. He was given a large dose of glucose when insulin had been omitted 
for 13 hours. It was hoped in this way to use up most of the insulin available 
in his tissues. Under similar conditions then in two experiments the blood- 
sugar was studied, following the ingestion of 40 gms, of glucose, (< 3 j) during 
rest throughout, and (6) before and after 5 minutes of exercise undertaken 
at the supposed height of the hyperglycsemia. The absence of any noticeable 
difference is seen in fig. 5. After the exercise the blood-sugar first rose, then 
fell abruptly, then followed a course practically parallel to that under resting 
conditions. 
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Exercise, tlierefore, in the diabetic, with an adeqnate supply of insulin, 
causes an increase in the amount of glucose disappearing from the blood, over 
and above that which would be removed with the same subject at rest for the 
same period of time. The question obviously arises, can this excess dis- 
appearance from the blood be attributed to the combustion of carbohydrates 
by the muscles, as calculated from the excess oxygen used as a result of the 
exercise 1 

To answer this question certain calculations are necessary, which are liable 
to possible objections, which will be considered first. (1) It is difficult to 
assess accurately the amount which the blood-sugar would have fallen during 
each experiment if the subject had remained at rest : for the rapidity and 
the amount of the fall vary with the initial height of the blood-sugar con- 
centration, with the quantity of insulin in the tissues, and with the time 
interval from the last meal. (2) We can calculate from the blood-sugar only 
the net result of two processes which are going on continually, namely, the 
removal of sugar from the blood and the influx of sugar to the blood from the 
glycogen store. We have little idea of the actual amount of influx and outflow 
in this balance, and these may well be different during rest and during and 
following exercise. In any case it would seem unlikely that the influx of 
sugar into the blood from the glycogen stores is less during exercise and 
recovery with a rapidly fafliog blood-sugar, than at rest. Any figure, therefoi^, 
which we may calculate from the resting condition for the excess removal 
of sugar from the blood during and following exercise will very probably err 
on the small side. (3) It is necessary to postulate that the sugar is in diffusion 
equilibrium throughout the fluid tissues of the body. This may or may not 
be accurately true, though as a general statement it would be proktble. 
We shall assume for the purposes of calculation that half the body-we^ht 
is fluid. 

Acknowledging, then, the problematical nature of these calculations, it is 
of interest to ^certain if the excess oxygen used as a result of the exercise, 
with the observed respiratory quotient, would be sufficient to burn completely 
an amount of glucose equal to that which disappears in from the 

blood. 

In the calculation it has been assumed that 1-34 gms. of ^ucose are 
oxidised per litre of oxygen used in the combustion of carbohydrate ; also, 
for the sake of simplicity, what is very nearly true, that ihe ^me amount of 
energy is derived from the use of a given amount of oxy^n, either in ihe com- 

T 3 
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bastion of earbobydrate or of fat. The following results have then been 
obtained. (See Table VI.) 



Fios. 10-13. Subject J.Th. Effect of esercise on blood- sugar. Ordinate = blood-sugar 
per cent. Abscissa = time in minutes. 

Fig. 10, — ^Exercise 8 minutes. Curre A. : InsuMn 4J hours, food 4 hours before. Curve B. : 
Insulin lOJ hours, food 4 houis before. (7/. D. Curve C. : Insnlin 29 hours, food 
4 hours before. Curve D. ; Rating control. Insulin lOJ hours, food 4 hours 
before. 

Fig. 11. — Exercise 6 minutes. Curve A. : Insulin 5 hours, focd 4 hours before. Curve B, : 
los ul in 17 hours, food 4J hours before. €f. D, Curve C, : Insulin 29 hours, focd 

4 hours before. Curve D. : Resting control. Insulin 16 hours, food 3|- hours 
b^ore. 

Fig. 12. ^Various periods of exercise. Curve A. : Exercise 1 and 3 minutes. Insulih 

5 hours, food 4|- hours before. Curve A^ : Exercise J and 1 minute. Tnanlm 5-J 
hoiHS, food 5 hours before. Cf. D. Curve B. : Exercise 1 and 3 minute. Insulin 
16J hours, food 5 hours before. Curve D. ; Resting control. InstiliTt 4 hours, focd 
3| hours hrfore. 

Fig. 13. Ihi^stion of 30 gms. of glucose at O. under similar conditions. Insulin 3 J hours, 
food 3 hours before. Curve B. ; Subject at rest. Curve A. : Exercise 5 minutes. 
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Table VI. — ^E’all in Total Sugar Content of Body, as calculated (a) from the 
Oxygen Intake and the Respiratory Quotient of the Excess Metabolism 
of Exercise, and (6) from the Fall in the Blood-Sugar on certain Assump- 
tions given in the Text. 


E.S, — Weight (average) 68 kHos. 


R.Q. of 1 
Excess 
Metabolism. 

Percentage 
of Energy 
from 

Carbohydrate. 

Excess 

Ogin 

litres 

noted. 

Excess Og 
used in 
Carbohydrate 
Combustion. 

(a) Equivalent 
amount of 
Glucose 
Oxidised, in 
Grammes. 

Excess fall 
in Blood- 
Sugar, 
per cent. 

(b) Excess 
removal of 
Glucose in 
Body Fluid, 
in Grammes. 

1*16 


7*3 

j 

7-3 

9-8 

0-055 

18-7 

1*09 


9-2 

9-2 

12-4 

0-09 

30-5 

0-86 

52 


16-7 

23-0 

0-075 

25-5 

0-90 

66 1 

18-7 

12-2 

16-0 

0-07 

23-8 

1-09 


8-9 

8-9 

12-5 

0-105 

35-7 

1-04 


26-9 

26-9 

36-0 

* 0-06 

20-4 




Total 

110 


155 


J.Th. — Weighty 64 lilos. 


0-95 

83 

3-8 

3-15 

4-2 

0-04 

10-8 

0-91 

70 

12-9 

9-0 

12-0 

0-025 

7-0 

0-86 

52 

17-8 

9*2 

12-4 

0-04 

10-8 




Total 

29-0 i 


29-0 


These figures can be calculated only for some of the experiments, where 
there was a fairly rapid fall in a high blood-sugar. In the case of E.S. the 
exc^ removal of glucose from the body fluids is about 40 per cent, greater 
than the amount of glucose burnt as calculated from the respiratory exchanges. 
In J.Th. these quantities are about equal. Whether the difference observed 
in E.S, is due to an error in the various assumptions made, as it may well be, 
or whether it represents a genuine excess removal of glucose from the body 
fluids over and above the amount actually burnt as the result of exarci^, it 
is not possible as yet to say. In any case it is obvious that the removdL of 
glucose produced by exercise may be accounted for, in large j^trt, by its 
combustion as the result of the exercise. 


Part ZF. — (^4) The formation mtd oxidation of ketones. (B) The urimry n^oyen. 
(0) The sugar excretion in the wine. . 

(^) Ketones . — ^In all the experiments the urine has been examined for 
ketones by the rough colorimetric t^t d^ribed previoady, and when the 
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exercise was of long dtiration the ketones have been estimated in the blood. 
In general, the results of the two types of observation agree, although in 
some cases yre have found the urine to be acetone-free at a time when the 
blood showed an appreciable quantity of acetone, large enough in other 
experiments to have produced a reaction in the urine. Here, obviously, we 
are dealing rather with the question of ketone excretion by the kidney, which 
we have not investigated further. 

The quantity of ketones found in the blood has been relatively small, as 
was to be expected with patients receiving adequate insulin and a fair moiety 

Table VII. — ^Urinary Ketones in Relation to Muscular Exercise. 


Subject 


Hours 


Blood Ketones, Mgms. per 

100 c.o. 

Urinary Ketones. 

sinoe 

last 

Buration of Exercise, 
Minutes. 

Before 

Exercise. 

At end of 
Exercise. 

At end of 
Becovery. 

Before 

Exercise. 

During 

Recovery. 

i 

At end of 
. Recovery. 

5 

8 

5-5 

4-0 

1-5 

± 

4 

Nil 

i 

Resting with ingestion of 
glucose 

23-5 

— 

8-0 

“f i 

4 

+ 

10 

5 

with glucose. 

7-0 

, 

1-0 

+ 

4 

Nil 

10 

8 

Tmce ' 

Nil 

Nil 


4 4 

4 

10 

5 

Nil 

— 

Trace 

+ 

4 

4 4 

10 

5 

9-0 

7-0 

5-6 

+ ± 

± 

4 

10 


6-5 

— 

3-0 

4- 

4 

4 

n 

8 

12-0 

9-0 

5-5 

+ 4 

44 

44 

n 

8 

1-0 

5-5 

10-5 

44 

' 4 

4 

n 

5 

6-5 

— 

6*5 

44 

4 

4 

23 

Besting 

4-5 

— 

4-5 

44 

44 

4 4 


Subject JS,S. 


13 

S 

2-5 


O-o 

Nil 

Nil 

Nil 

13 

5 

12-5 


7-6 1 

4 

Nil 

Nil 

27 

5 

Nil 

NU 

Nil 

Nil 

Nil 

Nil 

27 

8 1 

Trace 

Nil 

Nil 

Nil ! 

Nil 

Nil 

13 

Resting 

— 

““ 

— . 

4 

4 , 

4 


Subject J.TK 


4 

s 

7-0 ! 

4-0 

2-0 

4 


+ 

5 

5 

1-5 

— 

3-0 

Nil 


4 

16 

8 

9-6 

7-0 

1-0 

4 

4 

Nil 

17 

5 

4-0 i 

— 

5-0 

4 


4 

29 

5 

15-5 

— 

9-6 

444 

4 4 ! 

-i. 

29 

8 

6-0 

5-5 



4 


Nil 

18 

Resting 

[ — 

— 

— ' 

4 

4 ’ 

4 4 
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of carboliydrates in their diet. The amount of ketones in the blood of diabetics 
varies throughout the day, depending upon the diet, being increased after a 
meal with a high fat content. In order to be able to compare any results of 
exercise on the production and elimination of ketones the experiments must be 
performed at the same time of day and must bear the same relation to a similar 
meal. 

BGmwich, Loebel and Barr (3), in diabetic patients not actually receiving 
insulin at the time of the experiment, found little alteration in the acetone in the. 
blood following exercise : variations in either direction occurred. While the 
changes which we have observed in the acetone in the blood of subjects who were 
receiving insulin are small, still on the whole they point clearly in one direction. 
An initial ketosis, when shown by our subjects at rest, either persisted or 
decreased slowly during the time of the experiment. When there were available 
supplies of insulin in the tissues exercise quickly abolished or lessened the 
ketones in the blood and urine. In the experiments for which curve A, fig. 6, 
gives the result of the blood-sugar estimations, the blood ketones fell from 5^5 
mgms. to 1 - 5 mgms. per 100 c.c. Such amounts are small, but all the results 
show a decrease under similar conditions, and this may be of some significance. 

In some of these experiments on F.T. when he had been without an injection 
of insulin for 23 hours, exercise produced a definite increase in the ketones in 
the blood. This result, however, is not invariable. In the experiments for 
which curve C, fig. 6, gives blood-sugar results, the blood ketones increased from 
1 to 10-5 mgms. per 100 c.c. as a result of 8 minutes’ exercise when the subject 
had been without insulin for 28 hours. A similar experiment seven daj^ 
later gave a constant acetone content of the blood of 6*5 mgms. per 100 c.c. 
during the three hours of the experiment, while a resting control ten days 
later under similar conditions showed a constant amount of ^ketones in the 
blood. 

In the subject E.S. we were unable to demonstrate any increase in ketones* 
following exercise : in his case exercise always tended to decrease a ketosis 
existing previously. The subject J.Th. was again intermediate between the 
other two, for just as exercise failed to produce an abrupt fall in im blood-sugar, 
so afeo did it fail to banish the ketones from his blood. A fall from 15 to 9 mgms. 
per 100 c.c. represents the usual magnitude, in this subject, of the fall in ketones 
as the result of exercise. 

The general conclusion one would draw is that exercise in these subjects de- 
creases the ketone in the blood, if and when there is an available supjiy of 
insulin in the ti^u^, the ketones presumably being burnt as the result of the 
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increased utilisation of carbohydrate. The fall in the blood-sugar and the 
decrease in the ketones seem to run more or less parallel. In some experiments^ 
where exercise had little effect on the blood-sugar, insulin not having been given 
fe over 20 hours, the ketonsemia increased or remained stationary. 

(B) Urinary Nitrogen— The controversy as to whether muscular work 
increases protein metabolism still continues. To mention only two views, Lusk 
(10) makes a categorical statement to the contrary, and Cathcart (11) comes 
to the conclusion that exercise does enhance protein metabolism. It is, however, 
generally ac<^pted now that protein is not the source of muscular energy when 
carbohydrate and fat are available. 

For such short periods of exercise as we employed it is evident that there 
could be no great increase in the metabolism of protein in muscle, certainly not 
sufficient to upet the general assumption that the protein metabolism need 
not be taken into account in interpreting the rise in the respiratory quotient as 
the result of exercise. We have not found it possible to watch the total nitrogen 
excretion of these subjects for 24 hours or longer, following on the exercise, as 
would be necessary for a proper comparison of the results with those of a resting 
day ; the subjects were following their occupations and hospital control could 
not be exercised- In order to show, however, that the total nitrogen excretion 
was not greatly altered during the period of time covered by the experiments 
we estimated the total nitrogen excretion in the urine passed during that interval. 
As the time of day during which the experiments were performed was constant, 
and as it bore the same relation to a similar meal, a certain value may be attached 
to the result. For a really adequate study it would be necessary to exercise 
a more rigid control of the diet than is possible for ordinary diabetic subjects 
employing the usual gravimetric measurements of the constituents of their 
food. 

The result of these measurements of the nitrogen excretion was as follows. 
•When the time during which the urine was collected was taken into account, 
the excretion of nitrogen did not vary much from one experiment to another. 
While little can he deduced from our figures as they stand, they do seem to 
show that there is no appreciably increased protein breakdown during and 
fohowing the exercise, at any rate of a magnitude which would require any 
HKKlification of the preceding argument. There is indeed no reason to suppose 
that the diabetic in this respect is in anj^ way different from a normal man. 
Table WII ^ves, so far as they go, our experiments on this matter. 

f£?) Sagar exertion , — Glycosuria occurred in these patients when 
had been withheld for varying periods ; whenever the blood-sugar was caused 



Metabolism of Diabetic Individual. 303 


Table VIII. — ^Nitrogen Excretion during Period of Exercise and Eecovery. 


Subject. 

1 Hours 

since last 
Insulin. 

Interval, 

[ in minutes, 

of Urine Collection. 

Duration 
of Exercise, 
in minutes. 

Total Nitrogen 
! Excretion (Grammes) 

1 during Experiment. 

E.S. 

13 

165 

i ^ 

3-0 

E.S. 

13 

190 

5 

i with glucose 

3*15 

E.a 

13 

180 

! 5 

3-2 

E.S, 

14 

170 

4 

315 

E.T. 

5 

175 

8 

2-50 

E.T. 

4 

200 

Resting 
with glucose 

3*5 

E.T. 

4 

200 

iJ 

with glucose 

3*5 

E.T. 

10 

170 

8 

30 

E.T. 

10 

155 

5 

2-7 

E.T. 

10 

220 

5 1 

3*72 

E.T. 

10 

180 

Resting 

2*60 

E.T. 

23 

180 

Resting j 

2*85 


to fall as the result of exercise, the glycosuria disappeared, thus confirming 
the blood-sugar observations. In those experiments in which the blood-sugar 
remained above the renal threshold for glucose {e.g., F.T. without insulin for 
23 hours) glycosuria persisted and in some cases definitely increased following 
the exercise. This may perhaps be attributed to an increased blood flow to 
tie Mdneys following the exercise. 

Summary. 

1. Muscular exercise in the diabetic individual appears to be accompani^ 
by the same metabolic changes as in the normal. The curves of recovery oxygen 
intake and of carbon dioxide output are similar to those of normal men, both 
for mild and for more strenuous exertion. The increase in lactic acid in the 
blood attained values as high as in normal men performing similar exercise. 
There is no unusual delay in the time required for the removal of this lactic 
acid. 

2. Exercise increases the combustion of carbohydrate in the diabetic. For 
short periods of exercise, with insulin administered during the last 17 boors, the 
r^piratory quotient of the excess metabolism is unity, exac|jlyas in normal men: 
for exercise of moderate duration the value of the respiratory quotient of the 
excess metabolism is intermediate, while for exercise of long duration it tends to 
fall towards that of the previous rating metabolism. In this respect the 
diabetic individual, with recent insulin on a diet poor in carbohydrate, behave 
in a manner exactly similar to a normal man on a diet consisting mainly of fat- 
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The phenomena, however, are even more exaggerated than in such a normal 
individual. 

3. In a diabetic individual without insulin for long periods the respiratory 
quotient of the excess metabolism is low, even for short periods of exercise. 

4. The simplest way of regarding the matter is to suppose that a muscle, for 
its oxidative processes in recovery from exertion, uses carbohydrate only ; 
that in the presence of insulin there are stores of carbohydrate in a form readily 
available for use by the muscle, and that a short interval of exercise does not 
sufficiently deplete these stores to render an immediate restoration necessary 
from other substances in the body. In the absence, however, of insulin these 
ready stores of carbohydrate have run low, so that exercise even of the shortest 
duration stimulates the metabolic processes of the body to restore the reserves 
of carbohydrate. In this respect three factors, (i) prolonged muscular exertion, 
(ii) a diet poor in carbohydrate, and {iii) the absence of insulin, produce the same 
effect, namely, a lowering of the respiratory quotient of the excess metabolism 
due to exercise. AH these factors might be expected to deplete the stores of 
carbohydrate readily available. 

5. The hyperglycsemia following ingestion of food in the diabetic is shown 
to be reduced rather abruptly by a bout of exercise. This result, however, 
occurs only when insulin is available in the body : in the absence of recently 
administered insulin the fall in blood-sugar on exercise is no more rapid than 
at rest. 

6. An approximate calculation has been made, from the lowering of the 
blood-sugar concentration, of the amount of sugar which has disappeared from 
the whole body in excess of that lost in a resting interval of the same duration. 
The quantity so measured is of the same order of size as the amount of sugar 
burnt during the same interval, as calculated from the excess oxygen intake and 
the respiratory quotient. On the average the^eugar which has disappeared 
appears to be rather larger than that which has undergone oxidation. The 
data available, however, for the calculations are rough, and it would seem 
possible that the disappearance of sugar, following exercise, may be attributed 
simply to the process of oxidation. 

7. With a sufficient supply of insulin in the tissues of a diabetic a more 
complete combustion of fat takes place on exercise than at rest. Without 
available insulin exercise may at times result in an increased production of 
ketones. 

We wish to express oxir appreciation of the help we have received from 
Prof. A. V. Hill and Prof, T. R. Elliott during this research. 



Metaholism of Diabetic Individual. 


305 


APPENDIX. 

Clinical Notes on the three Svbjects, 

E.S., aged 36, Decorator. Admitted to hospital March 19th, 1924. Discharged, 
April 28th, 1924. 

Thirst, polyuria, loss of weight and indigestion had been noticed for two months. Weight 
on admission, 60*6 kilos. Urine passed in 24 hours on ordinary diet measured 3,060 c.c., 
and contained 4 per cent, glucose, acetone and diacetic acid 4-+* 

The patient was starved until his urine was sugar-free, and then a gradually increasing 
diet was given until, at the time of discharge, his diet was 2090 calories, containing 
carbohydrate, 69 gms. ; protein, 77 gms. ; fat, 167 gms. To keep the urine sugar-free and 
his blood-sugar fluctuating within normal limits, 30 units of insulin a day were necessary. 
It was given in two doses of 20 and 10 units each. The first experiments were started 3 
weeks after discharge from hospital, and observations were continued until March, 1925, 
when his weight was 69*8 kilos. E.S. leads an active life, and feels and looks a fit man. 

J.Th., aged 16. Admitted to hospital, September 4, 1924. Discharged, December 6, 
1924. * 

Thirst, polyuria and loss of weight present for two months. Weight on admission^ 
49 kilos. On ordinary diet the urine voided in 24 hours measured 1800 cwc., and ooMaSnied 
6*25 per cent, glucose and acetone +4-« 

Starvation rendered the urine sugar-free in two days. Diet increased m stages to 
carbohydrate, 47 ^ms. ; protein, 58 gms. ; fat, 167 gms. = 1,920 calories. 25 units of 
insulin in 2 doses of 15 and 10 units ^ch were given to keep the blood-sugar within 
normal limits. Observations on the effect of exercise were made during his stay in InjspitaL 
Ten experiments were done in June, 1925. Weight on discharge from hospital = 54 kilos. 
W^ht in July, 1925, 69*8 kilos. This lad is growing fairly rapidly and looks robust and 
fit. 

E.T., aged 21. Clerk. Admitted to Hospital, April 30, 1923. Discharged June 5, 1923. 

Thirst, polyuria and loss of weight present for 18 months. He was known to have 
diabetes meflitus durii^ this time and had received treatment by restriction of d^t. 
Weight on admission to hospital =55*1 kilos. 

Three months b^ore the experiments began the diet was increased to 1840 calorks, con- 
taining carbohydrates, 52 gms. ; protein, 92 gms. ; fat, 140 gms. The lusulin was also 
increased to 50 units a day given in three injections of 20, 10 and 20 units eaob« Insulin 
had been given for 12 months before the experiments began. His weight in June, 1924, 
when the observations commenced was 57*1 kilos. His blood-sugar has remained consis- 
tently low, and any increase in strength of a batch of insulin was immediately shown by 
hypoglycsemic symptoms. His general condition has improved greatly and his capability 
of doing exercise has also increased -Weight, July, 1925, ^*5 MIob. Experimental 
observations exteruied over 12 months. 
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A Closed-Circuit Heart-Lung Preparation. — Effect of Alterations 
in the Peripheral Resistance and in the Capacity of the 
Circulation. 

By I. de BtJRQH Daly. 

(Coaununicated by Prof. E. H. Starling, F.R.S. — ^Received November 12, 1925.) 

(Prom the Physiological Institute, Cardiff.) 

Investigatioiie of resistance ” and “ capacity ” effects in relation to the 
control which they exert upon the vascular system have been carried out by 
many physiologists, notably by Weber (1), Volkmann (2), Bonders (3), de Jager 
(4), Bayliss and Starling (5), and L. Hill (6, 7). According to Weber, the rise in 
arterial blood pressure due to arteriole vaso-constriction is caused by an increase 
in peripheral resistance and by a diminution in the capacity of the circulation. 
Bayliss and Starling (5) brought forward evidence in favour of this view and 
pointed out that the venous pressure was in part determined by a balance 
between these two factors. In opposition to Weber’s view, L. Hill and Barnard 
(6) hold that capacity changes have no effect on the venous pressure since the 
vascular system is not filled to distension. In a later paper L. Hill (7) states 
that reduction in the capacity of the splanchnic area is of importance in so far 
as it increases the diastolic filling, and so the output of the heart, but that the 
mean hydrostatic pressure cannot be considered to contribute to this result. 
The part played by constriction of the veins in altering the venous and arterial 
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pressuie is discussed in a paper by Connet (8) in wbicb a full bibliography is 
given. 

In a paper published in the ‘ Journal of Physiology ’ (9) I described a modifi- 
cation of Starling’s heart-lung preparation, in which the blood circuit was 
converted to a closed system, so as to imitate more closely the conditions 
ruling in the animal body, while maintaining the various factors fully under 
control of the experimenter. The arrangement is shown in fig. 1. The blood 
from the aorta flows through a cannula placed in the brachio-cephalic artery 
(A), the velocity of flow being recorded by a Pitot tube (B) or by a Henderson’s 
cardiometer. The peripheral resistance is r^ulated by a compressible finger- 
stall (D), a second resistance (D') being inserted for studying the effects of 
shunt circuits. The blood then passes to the venous reservoir (K) which con- 
sists of a rubber bag of approximately 250 c.c. capacity. The distal end of 
the venous reservoir is connected to the superior vena cava. A finger-stall 
(C) joined by a side tube to the arterial system represents the elasticity of 
the arterial sytem ; this finger-stall and the venous r^rvoir K when enclosed 
in plethysmographs enable the experimeter to study alterations in the volume 
of the systemic circulation. 

In all experiments dogs were used, under full anaesthesia with chlomlose, 
1 decigram per kilo, body-weight being injected intravenously. 


The Mean Systemic Pressure {Wd}er's sense). 

Weber defined the mean systemic pressure in his artificial circulation mode 
as the pressure which obtained in the system when the fluid was at r^t, and the 
hydrokinetio pressure as the pressure measured at any given point when the 
fluid was circulating. The hydrokinetic mean pressure was obtained by 
summing the pressure at each unit of length throughout the system and dividing 
by the number of units. 

In the closed-circuit heart-lung preparation, the mean systemic pr^ure was 
taken in five experiments in the foUowiig manner. When the heart had 
stopped, the artificial resistance was lowered to zero and the pressure in the 
right and left auricles taken ajEter an interval of five to ten minuter. There was 
always a slight difference in pressure between the two auricles, but in no experi- 
ment did it amount to more than 0-5 cm. of saline. The mean of the two 
readings was taken to be the mean systemic pr^sure in Weber’s s&me. In 
the five experiments th^ values were 12, 9, 2 and 8 cm. of saline, measured 
from the level of the right auricular appendix. In adl probability, these figures 
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do not represent the true mean systolic pressure under working conditions, 
for as L. Hill ( 7 ) points out, the capacity of the vascular system in the intact 
fmTnia .1 after the circulation has been arrested will be far from normal. Further- 
more, changes in the calibre of the blood-vessels in different parts of the system 
wUl cause a pressure and a blood redistribution. The same criticism applies 
to the measurements of the mean systemic pressure in the closed circuit pre- 
' paration, the capacity of the heart chambers, of the coronary vessels and 
pulmonary circulation will undergo alterations after cardiac arrest. The 
lowering of the artificial resistance brings the aortic and right ventricular 
pressures to the same level, so that only the pulmonary circulation will be 
responsible for any inequality of pressures in the system when the heart is 
stopped. 

Weber maintained that the mean systemic pressure was equal to the 
mean hydrokinetic pressure. Calculations of the mean hydrokinetic pressure 
based upon the assumption that the lungs would contain ^^ 3 -th of the total 
body blood (Spehl, 10 ) of the intact animal from which the preparation was 
made, gave values of 15-20 cm. saline. The arterial and venous pressures 
were taken as those generally pertaining with a moderate cardiac output, 
and the body blood as 7 per cAit. of the body-weight (Harris, 11 ). The mean 
systemic pressure calculated in this manner is probably nearer the true 
value under working conditions than that taken after arrest of the 
drculation. 


Effed of Altercations in the Capacity of the Systemic Circulation, 

The capacity was varied by allowing blood to flow into a collapsed finger- 
stall of known volume connected to the system by a side tube or by squeezing 
the finger-stall when already filled with blood. Experiments showed that a 
diminution in capacity of the systemic circulation produced the same results 
quahtatively and quantitatively as injection of blood into the circulation ( 9 ), 
3 »n increase in all the pressures and in the cardiac output ; whereas 
an increase in capacity had the same effect as withdrawal of blood feom the 
system. Capacity diminution and blood injection raise the mean systemic 
pressure, but capacity increase, and withdrawal of blood lower the mean 
systemic pressure, fig. 5. At 1 , 10 c.c. of blood were injected; at 6 , 
15 c.c. were injected. The capacity of the circulation was diminished at 3 
and at 8 . 
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Effecst of Increasing the Seripheral Resistance, 

The peripheral resistance was raised by compression of the rubber tube in 
the glass jacket, fig. 1, D, in the usual manner, the small change in the capacity 
of the circulation at this point being neglected. The arterial and venous 
pressures and the ventricular volume showed alterations which depended 
upon the amount of blood which the arterial system could accommodate in 
response to the rise in arterial pressure. A rubber bag, connected to the 



Fio, 1. — Cannuia in braehio-cephalie artery. B, PStot recorder, €, SasMc 
finger-stall. B, B", Artificial resistances. K, Enbber bag. 1, 2, 3^ 4, Mancaneters 
recording pressures injthe left auricle, right auricle, hrachio-cephalic artery and 
pulmonary artery respectively. 
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arterial system by a side tube, ha^ng a small volume-elasticity coefficient 


and a large initial capacity. 


will be able to accommodate more blood 


when the arterial pressure is raised than will a bag of smaller initial capacity 
and made of material having a larger volume-elasticity coefficient. The term 
potential capacity increment will be used to denote the extra amotmt of 
blood which the arterial system is capable of taking up ; this will be relatively 
large in the young as compared with the old animal. The ‘‘ potential capacity 
increment” of the arterial system was varied in three ways, and the experi- 
mental results fell into three groups, according to whether the capacity increment 
was large, moderate or small. 


Group I . — Large Potential Capacity Increment ” of the Arterial System. 

A rubber tube of 45 c.c. capacity, closed at one end and made of the same 
material as the venous reservoir, was connected by a side tube to the arterial 
system at C, fig. 1. On raising the peripheral resistance there occurred a fail 
of pressure in both auricles, a rise in the systemic pressure, a diminution in 
the output of the ventricles and a decrease in the mean ventricular volume as 
recorded by the cardiometer. Two experiments are given in Table I and a 
tracing in fig. 2. 

The immediate efiect of the peripheral resistance increase is to dam up 
some of the blood on the arterial side and reduce the flow into the right 
auricle ; as a result, the pressure in the right auricle falls. 

The fifth curve in fig. 2 (A.S.) is a plethysmograph tracing of the more 
distensible portion of the arterial system, an upward movement of the lever 
denoting an increase in volume. This tracing demonstrates the pooling of 
blood in the arterial system. As long as the peripheral resistance is kept high 
the blood remains re-distributed in this way, causing the diminished flow and 
the fall of pressure in the right auricle to persist ; the output of the heart 
therefore decreases, and there is a faU of pressure in the left auricle. (Also 
in the pulmonary artery — ^see later.) Since the energy liberated during con- 
traction of the heart muscle is dependent upon the initial length of the muscle 
fibre (Starling), the marked diminution of the diastolic volume of the ventricles 
indicates that the increase in energy required to overcome the raised peripheral 
resistance is less than the energy saved, due to the reduction in cardiac output. 
The conditions of the circulation are such that a rise in peripheral resistance 
reduces the total amount of work done by the heart. 
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Large ** potential capacity increment ** of tlie arterial system. Peripheral 
rmstanee increased fix)m 50 to 70 mm. Hg. A.S. = Plethysmograpli of distensible 
portion of arterial ^ratem. In this and in all other tracings, systole causes a move- 
ment of the cardiometer lever downwards. 

VOL. XCIX. — B. 2 
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Table I. — ^Effect of iucreadi^ the Periplieral Kesistance. Large Potential 

Ii 30 ^enient of Arterial System. 

Experimerit 8*0 kilos. Heart weight 63 gms. 


L.A. 


' M.S.P. 

A.R. 

V.O. 


U 

68 

• 65 

6-4 

_ 

60 

95 

85 

2*8 

— 

100 

60 

50 

6-8 

Experiment H.'-ypog# heart wright 53 gms. Temperature 34*0® 0. 

135 

m 

60 

40 

5-8 

70 

' ■::m ' ' ■ 

80 

60 

1-9 

125 

r .u . 

60 

40 

4-8 


L.A. — ^left auricle.; auricle# pressure, in mm. saline. M.S.P. — 

mean ^temic arterial pressure, mm. Hg. A.E. — artificial resistance, mm. 
Hg. V.O. — ^ventricular output, c.c. per beat. 


Group 7J . — ModercM Poimticd Capacity InctewM of the Arterial System. 

It was rec<^msed fepa the results obtained in Group I that if the output of 
the heart was to b4 maisrfjamed at anything approaching a constant value 
when the peripheral lesfetance increased, either the capacity of the arterial 
systen would have to be made aimdler m its volume-dasticity coefficient larger. 
In Group 11 the capascrii^ cimnebted to the arterial side-tube was reduced to 
25 c.c. and the bag used was the finger-stall, the pressure volume changes of 
which have been given in a previous paper ( 9 ). A rise in peripheral resistance 
lowered the venous i^essures and the pulmonary arterial pressure, the ventri- 
cular output was dim i n ished, but not so markedly as in Group I, and, in general, 
the mean volume of the ventricles showed only slight variations in either 
direction. The protocols of two experiments are given in Table II and tracings 
in figs. 3 b, and 5 (2) (T). 

The difference betwem results and those obtained in Ghoup I may be 
accounted for by the &ct that the pooling of blood in the arterial system is less 
and the reduction in cardiac output 1 ^. In fig. 3 the diastolic volume of the 
ventricles remained approximately the same, the energy saved due to the 
diminished output being nearly counterbalanced by the extra energy required 
to overcome the increased peripheral resistance. The gradual deoHne of the 
cardiometer teacing, fig. 5 ( 6 ), is not altogether due to blood leakage. It has 
been found that after blood injection the mean ventricular volume generally 
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Rg. 3. ^Effect of varying the “ potential capacity increment ” of the arterial system. 
Eigid resistance tube used. At A and C peripheral resistance raised without finger- 
stall in circuit ; at B with fin^r-stall in circuit. The piston recorders registering 
the L.A. and R.A. pressures show a leakage effect. The initial values of the L.a! 
and K(.A. pKssm*^ w&Te 120 and 100 mm . saline respectively* 
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falls slightly after the initial rise, and that in some cases it is due to the tempera- 
ture of the Mood injected being slightly higher than that of the preparation. 
The rime tahen for the blood to be re-distributed and also the improved coronary 
flow, which r^ults in the mean ventricular volume diminishing, although the 
total output remains the same, may take part in the effect. 

Table H,— !]^ect of Increasing the Peripheral Resistance, Moderate 
potential Capacity Increment of the Arterial System. 

Experim^i L — ^Dog, 8*0 MIos, Temperature 37-0° C. Rate 126-132 per 

minute. 


L^. ; 

‘ BA. 

MJS.P. 

A.R. 

HB 

V.O. 

'60' V' 

06 

76 

5$' 1 

20 

10*0 

46 




■ 12 

9*2 A.E. raised. 

60 

95 

1 fA \ 

[ 44 1 

1 20 

9*8 


8*5 kilos. Ht. Wt, 86 gms. 



[ 46 

1 03 1 


18 

4*0 

66 

40 



16 

3*2 A.R. raised. 

70 

45 

62 

40 

18 

3*9 


PJL — ^pulmonary arterial pr^ure, mm. Hg. 
Pour 0 %^ ^^edments gave essentially the same results. 


Ofouf Iliir^SmaU Potmiki CajKmiy of the Arterial System. 

In ordar to obtain this condition, the finger-stall C was disconnected* In 
other experiments the cannula in the brachio-cephalic artery was joined by glass 
tubing to a metal tube "with an adjustable bore, which took the place of the 
artificial resistance. The mechanism for altering the bore of this resistance 
tube was so constructed ihat its internal volume remained constant throughout 
the adjustment* WiA tMs arrangement the only distensible portion of the 
arterial system was the arch of the aorta. Tracings and protocols of experi* 
ments are shown in figs. 3 and 4 (A, C) and Table III. 

Two other experiments gave the same result. 

The results in Group III. differ from those obtained in Group II by several 
important features ; these are brought out clearly in the tracing, fig. 3. With 
the smaller “ potential capacity increment of the arterial system, the fall of 
pressure in both auricles is less, and in some cases the pressure in the left 
auricle is raised (fig. 4 ) ; the systolic and diastolic volumes of the ventricles 
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are relatively larger and tie percentage fall in output is less. Tie same results 
take place wietier tie peiipieral resistance is increased to tie same value or 
wietier tie arterial pressure is raised to tie same value. Owing to tie small 
distensibility of tie aortic arcij only a sligit redistribution of blood takes 
place and tie call upon tie ieart muscle for extra energy to overcome tie 



1^0. 4. — ^Small “potential capacity increment ’’ of tie arterial system. At first arrow 
A.B. raised from 70 to 125 mm. At second arrow A.R. lowered from 125 to 60 mm. Hg. 

raised peripieral resistance is greater than tie energy saved consequent upon 
tie decreased output, tie diastolic volume of tie ventricles therefore increases. 

In tie experiments in Table III, in which the pressure in the left auricle 
ris^, tie rise may be accounted for by tie increased diastolic pressure in the 
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Table III. — ^Effect of Increasing the Peripheral Resistance. Small Potential 
Capacity Increment of Arterial System, 

Experiment 1. — ^Dog, 7*0 kilos. Heart weight, 69 gms. 


LA. 

E.A. 

M.S.P. 

A.R. 

P.A. 

V.O. 

110 

35 

lOS 

70 

25 ‘ 


130 

30 j 

128 

85 

' 19 

* — A.R. raised. 

114 

20 1 

102 

70 

20 

— 


Experiment 2. — Dog, 6-5 kilos. Heart weight, 72 gms. 


125 

65 

62 


— 

6*0 

205 

45 

90 

80 

— 

5 • 5 A.R. raised^ 

145 

65 

1 ^ 

30 

— 

6-1 


ExpMm^t Sa. — ^D c^, 10*0 kilc^. Heart weight, 125 gms. Rigid Resist- 


ance Tube. 


132 . 

110 

72 


— 

10-0 

122 

100 

108 



8*8 A.R. raised. 

130 

110 

74 


— 

9*8 


left v^nfedcle more than compensating for the usual faU, (Piihner and Starling, 
12.) That this is the true explanation is supported by the fact that the greater 
lie inflow and peripheral resistance or the more fatigued the heart, the more 
likdy is tie rise to appear. A rise in pr^sure in the left auricle will tend to 
produ^ l^k pfs^sure ^ efects in the pulmonary circulation, but the tramng 
in fig. % shows that the hack ]pessure ” may not be sufficient to compensate 
wholly for tihe faU in pulmonary pressure due to the diminished cardiac out- 
put. 

The mechanism of the alterations observed in the three Groups is the same, 
they only vary in d^ree. There is a transference of blood from the venous 
to the arterial system, resulting in reduc^ filling of the heart. The greater 
the ** potential capacity increment,” the greater is the reduction of the blood 
inflow to the heart for any given rise in peripheral resistance. 

It is to be noted that the heart itself takes part in the changes of capacity. 

Effect of Balundng fM Remtamee ” and “ Cwpadty ” Effects, 

Since a rise in peripheral resistance in the closed circuit system is always 
accompanied by a faU of pressure in the right auricle and in the pulmonary 
artery, as well as a diminution in output, it follows, that if with a rise in peri- 
ph^cal resistance any one of these factors is to remain constant, or to be 
increased, there will have to be a compensatory reduction in the capacity of 
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the circtdation or an injection of blood into the system. Either procedtixe 
will compensate for the blood drained away from the venous side of the 
system. 

In order to obtain knowledge of the degree of capacity change or the amount 
of blood injection which was necessary to balance the fall of pressure or of 
cardiac output, due to peripheral resistance increase, four experiments were 
carried out in the following manner. The artificial resistance was raised in 
steps, and blood injected in measured quantities until the pressures or the ven- 
Iricular output returned to their original values. The reverse procedure of 
injecting the blood first and then obtaining a pressure or an output balance 
by raising the artificial resistance was also adopted. Calculations were then 
made as to the amount of blood which had to be injected in order to balance 
the changes due to a 10 mm. Hg rise in peripheral resistance. It was found 
that this quantity depended upon whether it was the venous pressure, the 
pulmonary arterial pressure or the ventricular output which was to be balanced. 
In one experiment, 0-8, 7-0 and 4-0 c.c. were necessary for a balance of ^e 
changes in the left auricle, right auricle and venlricular output respectively ; 
in a second experiment the values were 0-8, 3*0 and 3*2 c.c. for the same 
factors respectively ; in a third experiment, 6-0, 6-0 and 7-0 c.c. for the left 
auricle, right auricle and pulmonary artery respectively, and in a fourth 
experiment, 8-0 c.c. for the change in the pulmonary arterial pressure. These 
results show that in order to counteract the change of pressure in the left 
auride, a smaller quantity of blood injected is required than for the other 
changes. These experiments were not considered entirely satisfactory, as it 
was recc^nised that errors m^ht be introduced owing to blood leakage from 
the system during the determinations. 

Further experiments, therefore, were carried out, in which the peripherd 
resistance was raised and the various factors brought back to thrir original 
values by compression of the venous reservoir. By this metihod the deter- 
minations were more rapid and compensation for any slight leakage could be 
made. The actual amount of capacity change was not measurable, but the 
relative values of the various pressures were able to be observed. The procedure 
adopted is shown in the tracing fig. 5, which is a typical example. At (1) 10 c.c. 
blood injection, at (2) A.II. raised from 40 to 70 mm. at (3) compression 
of venous reservoir, at (4) compression released, at (5) A.B. lowered to 40 mm. 
Hg. A short interval then followed and at (6) 16 c-c. of blood were injected, 
at (7) A.R. raised to 80 mm. Hg, at (8) compression of venous r^ervoir, at 
(9) compression released, and at (10) A.R, lowered to 60 mm. Hg. 
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of ^^city mcrement ” of the arterial system. At (1) 10 

veno^reXS ? ’k • S f ^ at (3) compressio: 

Hg: at (61 15 e e nf , released ; at (6) A.R. lowered to 40 i 

ejected ; at (71 A.R. .raised to 80 TT„ . 


oS v~ (vTIr.:;^^ w srjriS rat 

(10) A.R. lowered to SO^^Hg.^ eompre^on released : 
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Table IV gives tbe details of part of another experiment, and Table V 
shorn the direction in which the pressures and cardiac ouiput moved when 
one of them was balanced ; they may be sunnnarised as follows : — 

"When the arterial pressure is raised by an increase in peripheral resistence 
and by a decrease in the capacity of the circulation, so as to maintain the 
pressure in the left auricle constant, the pressures in the right auricle and 
pulmonary artery and the ventricular output are diminished. If by the same 
procedure the pressure in the right auricle is maintained constant, the pressure 


Table IV. — 8*5 kilos. Ht. Wt, 85 gms. Temp. 36*0° C. 


1/.A. 

B.A. 

ItSJ?. 

ijc. 

B,A. 

V.O, 

(a) 70 

55 

80 

40 

26 


m 

47 

98 

70 

23 

— A.E, Tip, 

75 

57 

loa 

70 

26 


70 

50 

100 

70 

24 


m 

45 

97 

70 

22 

• — CbmpxesEamolL 


48 

78 

40 

24 

— AJLdowxu 

(5) 86 

m 

70 

40 

21 

4-8 

74 

5a 


80 

15 

3-4 AJE6. up. 

m 

68 

106 

80 

22 

4*8 Beskia^iee eoMpcessio^. 

m 

52 

89 

80 

13 

3-2 OompeFese&m 

80 

56 1 

i 

63 

40 

18 

4-1 AJa.dowi]L. 


Ta&te ¥. — ^Beriphasal Betistance Increase Associated with Diminished Capacity 

of Systmnic Circulation. 
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in the left auricle rises or shows no change, the pulmonary arterial pressure 
falls and the output of the heart diminishes. With the pulmonary artmal 
pressure kept constant the pressure in both auricles generally rises, and the 
ventricular output diminishes or is unchanged. When the ventricular output 
is niaiatained at the same level the left and right auricular pressures rise, 
and the pulmonary arterial pressure rises slightly, or may be unchanged. 
That is, in the majority of experiments, as the capacity is progressively 
decreased, the left auricular pr^sure first attains a balance, then the right 
auricular pressure, then the pulmonary pressure, and finally the ventricular 
output. 

In the experiments described the “ resistance ’’ and ** capacity ” effects 
were produced successively, but clearly the same results would be obtained if 
the venous reservoir were compressed simultaneously with an increase in the 
peripheral resistance. The advantage of the resistance ” and capacity ” 
effects being separated in this manner is that the alterations due to each 
can also be separated. It was suggested that the insertion, in place of the 
artificial resistance, of a sponge, enclosed in a rubber membrane and surrounded 
by a jacket filled with water which was in connection with a calibrated syringe, 
would enable one to produce the “ resistance ’’ and “ capacity ” effect simul- 
taneously. Pushing home the syringe would reduce the capacity by a known 
amount, and increase the resistance of the sponge. This was tried, but the 
results were not satisfactory, because it was difficult to obtain the correct size 
of sponge mesh to give the required resistance increase for any given capacity 
diminution. 

The results obtained by balancing the pressures and cardiac output bring 
out several features of the closed circuit preparation which require further 
consideration. Neglecting any small leakages which may occur, the blood 
content of the system is constant under all conditions, therefore the total 
capacity of the heart-lun^ and systemic circulation is also constant. Any 
increase in capacity of one portion of the system must be accompanied by a 
compensatory diminution in capacity in some other part or in the whole of 
the remaining portions. In the same way any change which involves a 
redistribution of blood, so that the blood supply to one part is increased, can 
only occur at the expense of the blood flow to the rest of the system. It 
follows that if the coronary blood flow is increased it will only be at the 
expense of the peripheral flow. Coronary dilatation unaccompanied by any 
other changes (neglecting the capacity changes due to the coronary vessel 
dilatation) will cause an increase in the coronary flow and a decrease in the 
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peripheral flow by the same amount, the cardiac output remaining constantw 
Increase in coronary flow produced by raising the arterial pressure is compli- 
cated by the distension of the arterial system reducing the total output, but 
when the output* is brought back to its original value by capacity diminution, 
the pulmonary arterial pjessure is found to be unchanged, or only slightly 
elevated. Tables IV(6), V, and fig. 5. 

In the open-circuit heart-lung preparation, Anrep and Bulatao (13) have 
shown that the total output of the right and left heart increases with every 
rise in aortic resistance, the increase in output being entirely due to the 
augmentation of coronary flow ; moreover, the main factor which determines 
the pulmonary arterial pressure is the blood flow, and that the arterial resistance 
acts only so far as it affects the output of the right ventricle. The fact that 
in the closed circuit preparation the pulmonary pressure is unaltered, or only 
shows a slight rise when the peripheral resistance is increased, and when the 
output is maintained constant, confirms the work of Anrep and Bulatao. 

The relative effects of “resistance” and “capacity” alterations upon 
the mean aortic pressure, when the output of the heart is maintained constant, 
oan be seen from Table IV and fig. 5. In the Table the increase in xesistanoe 
raised the arterial pressure from 70 to 92 mm. Hg, whereas the capacity 
decrease necessary to bring back the output of the heart to its initial value 
raised the pr^ure from 92 to 106 mm. Hg. That is, 61 per cent, of the 
artedal pressure rise was due to resistance increase and 39 per cent, to the 
capacity decrease. In other experiments the percentage of the total rise 
due to resistance increase was generally a little higher. It is of interest to 
note that Bayliss and Starling (5) found a total fait of arterial pressure produced 
by section of the cord in the intact animal equal to 50 mm. Hg, 10 mm. Hg 
of which was due to diminished peripheral resistance and 40 mm. Hg. to the 
increased capacity of the system. 

Patterson and Starling (14) found that, with constant venous inflow, the 
greater the peripheral resistance the higher the venous pressura The same 
result appears in the closed preparation, for with constant outfmt as measured 
by the cardiometer, the higher the arterial pressure the higher tire venous 
pr^ures, but in general the right auricular pressure is only slightly devated, 
the absence of a large change being due to the absence of tixe extra output 
due to the coronary flow, as shown by Anrep and Bulatao. The sli^t rise 

> 

* It must be remembesred that this is measured by the cardiom€i^, and therefore 
^&ais the whole ouiput of the ventricles, t.e., the peripheral on^9bw, the coronazj onMow 
•smd pnlmcmary arterial ontdow. 
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of pressure in the right auricle when it occurs must be due to “ back pressure 
eSects. 

The Pulmonary Arterial Pressure. 

■When the volume of circulating blood is increased, or when the capacity 
of the circulation is diniinished, measurements of the pulmonary arterial 
preiffiure show that it rises with the systemic arterial pressure. Table VI* 
In three experiments the pulmonary pressure rise was proportionally higher 


Table VI.— Dog, 7-5 Idlos. Ht. wt., 70 gms. Temp. 35-7° C. 


P.A. 

M.S.P. 

I AJEt. 

P.A. 

M.S.P. 

18 


55 

1 





5‘3 



98 

55 

1 

10 c.c. tlood injected. 




4*9 

22 

^ 102 

55 

1 

Ditto. 




4-6 


24 

106 

55 

1 

Ditto. 




4-4 


21 

112 

70 

1 

A.R. raised. 




5*3 


18 

118 

90 

1 

Ditto. 




6*5 


12 

124 

110 

1 

Ditto. 




10*3 


than the ^temic pressure rise, so that the pressure ratio P.A. :M.S.P* 
gradually increased. In a fourth experiment this ratio decreased slightly. 
The limits in the four experiments were 1 : 7*2 to 1 : 5*6, 1 : 6*3 to 1 : 4'4,. 
1 : 6*7 to 1 ; 4-7, and 1 : 2*7 to 1 : 3*0. 

VPith regard to the effect of an increase in arterial resistance upon the 
pulmonary pressure, it has already been shown that there is invariably a 
fail ; more extended observations given in Table VT demonstrate the fgH 
in the pr^sure ratio P .A. : M.S.P. Resistance increase and capacily diminution 
theETcfore have opposite effects on the pulmonary, arterial pressure, and also 
tend to send the pressure ratio P.A. :M.S.P. in opposite directions. 
Op® 5 chowski (15) gives protocols of experiments in which the pulmonary 
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pressure varied inversely as the carotid pressure. The explanation would 
appear to be that capacity and resistance ’’ efEects controlled the 
circulation in the same way as does a rise in peripheral resistance in the closed 
circuit system. Under these conditions the output of the heart would be 
diminished. 


Effect of an Increase in Peripheral Resistance when Shunted by a Second 

Resistance. 

In the intact animal the systemic circulation is additionally complicated 
by the presence of numerous shunt circuits, instead of by only one, i.e., the 
coronary circulation, as in the heart-lung preparation. The effect of shunting 
the artificial resistance by a second resistance, fig. 1, O', was therefore tried. 
The results obtained were entirely as expected, and may be stated briefly. 
On putting up the main artificial resistance, fig, 1, D, the alterations in pressure 
and output were not so marked as when the shunt circuit was absent. The 
shunt resistance was only slightly distensible, so that 1i:e extra ^unount of 
blood passing through it as a result of the raised arterial resistance was 
insufficient to compensate wholly for the fall of venous pre^ure and output 
which usually occurred. On diminishing the resistance of the shunt circuit 
wh® the main r^istance was up, the venous pressures and output could be 
made higher than they were before the main resistance was rncr^sed; in 
this case the systemic artmal pressure fdl. The compensatory dilatation of 
shunt circuits in response to a raised arterial resistance was consideredby 
de Jager (4), and Bradford and Dean (16). The work of Anrep and Bulatao 
is of additional importance in that it shows to what extent shunt micuit 
dilatation may influence the inflow to the heart. It is clear, therefore, that 
the effect of the addition of a distmsible circuit shunting the main reristaaee 
in the closed circuit preparation is to counteract the blood rediskibution effect 
produced by raising the arterial resistance. 

Discussion. 

In the main, the haemodynandcs of the closed-circuit heart-lung peparation 
may be condensed into the statements (1) that the effect of a change in prapheral 
resistance will be determined by two factors, the resktanoe change itself and 
the redistribution of blood which it must of necessity produce, and (2) altera- 
tions in capacity which will produce a redistribution of Wood. Smce, within 
physiolcgical limits the heart can put out as much Mood as it receives, the 
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r6distiibutio]i of blood iu (1) will depoud upon capacity changes and the ease 
with which blood can flow through the main or shunt circuits, and these in 
turn will be governed by the volume elasticity coefficients of the various parts* 
of the system. Since the resistance, the capacity, and the volume elasticity 
coefficients of the different parts of the systemic circulation can be varied at 
will, wide alterations in the distribution of blood can be brought about, which, 
from the standpoint of being of physiological value, will only be limited by the 
physical constants of the heart and lungs circulation. 

Although the arterial and venous connections were selected to have physical 
ocmstants as n^r as possible to those found in the intact animal, it is not 
ccmsidered that the quantitative effects of resistance ” and “ capacity 
changes which have been found are applicable to the living vascular system. 
The dfeteision the arteries due to a peripheral resistance increase may be of 
minor importance in the intact animal, but it is iuteresting to note that if the 
cardiac ouiput is to remain constant or be increased under these conditions 
thare must be a “ capacity ” diminution or compensatory shunt dilatation. 


Summary. 

In the d(^&ed-circuit heart-lung preparation : — 

1. A diminution in capacity of the systemic circulation produces the same 
effects qualitativdy and quantitativdy as an increase in the volume of circulat- 
ing blood, namdy, a rise in pressure in both auricles, the aorta and the pul- 
monary artey, and an increase in the cardiac output. 

2. An increase in peripheral resistance causes a fall of pressure in both 
aurides and in the pulmonsay artery, and a diminution in the cardiac output. 
These changes are due to the raised aortic pressure distending the arterial 
system, pooling the blood therein, and reducing the inflow to the right heart. 
The extent of these alterations is dependent upon the ‘‘ potential capacity 
inmr^ent ” pc^sessed by the arterial ^stem. 

3. By the simultaneous production of a resistance increase and a capacity 
diminu tion, the pressures in the left auricle, right auricle or pulmonary artery, 
or the output of the heart can be maiatained constant. 

4. "When the systemic resistance and capacity of the systemic circulation are 
balanced so that the ouiput of the heart remains constant, the pulmonary 
artedal pressure is unaltered or only slightly elevated. This is in confirmation 
of Aniep and Bulatao. 
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5, Resistance^” capacily,” and blood redistribution effects are inter- 
dependent, tbeir relative effects being determined by the physical constants 
of the circulation. 

The expenses of this research were, in part, defrayed by the Government 
Grants Committee of the Royal Society. 
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The Heat Liberated by the Beating Heourt. 

By E. Eischeb (Eockefeller Bellow). 

(Communicated by Prof. A. V. Hill, F.R.S. — ^Received December 21, 1925.) 

(Itom the Department of Physiolc^ and Biochemistry, University College, London.) 

Since myothermie methods have been improved several attempts have been 
made to measure the heat liberated by the beating heart. Two observers, 
boUi experienced in the difficulties and limi ts of myothermie experiments, 
A. V. HDl (1) and K. Biirker (2), were unable to decide how far their results 
showed the real change of temperature of the heart, and how far they were 
the effects of several sources of error. On the other hand, TTftTlitgVft (g)^ 
Snyder (4), and Bohnenkamp (5) believed themselves entitled to draw important 
conclusions from their experimental results. At the suggestion, therefore, 
of Prof. A. V. Boll, I undertook to investigate the heat production of the 
heart with the various means available in his laboratory. Since, as will be 
shown below, my results were riot in accordance with those of the last named 
investigators, I was forced to compare my methods with theirs. According 
to the most reliable of my observations I believe the warming of the heart 
(eel or tortoise) for a single beat to be not higher than 0-00012°. Bor the heart 
of tile rabbit Herlit^ found a rise of 0-004° to 0-012° ; for the terrapin’s 
heart Snyder found 0-00075° to 0-00266° : and for the frog’s heart Bohnen- 
kamp found 0-001 to 0-01°. 

Appabatus and Methods. 

Gtdvammeier. The galvanometer employed was designed and constructed 
by A. C. Downing (6). The “ figure of merit ” of this instrument (23,000) per- 
mitted the use of a high sensitivity, without making the deflection time when 
critically damped too great. With a sensitivity from 1 - 2 X 10~® to 1 - 3 X 10~^® 
amps, per mm. the galvanometer had a complete period from 0-6 to 2-6 secs. 
Tlte four coils, each of resislnnce 6 - 6 ohms, could be placed in series, or parallel, 
or seri^-parallel, so that the resistance of the galvanometer as a whole could be 
made to approximate to that of the thermopile, or thermocouple, used in the 
different experi^ts. The galvanometer was protected by a double shidd 
of high permeabilily steel, as described by Hartree and Hill (7). Records were 
made plmtc^phically, as described by them, hut with the difference that the 
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distance of the drum was 1*30 metres and that the light from the lamp was 
interrupted each half-second by a shutter carried on an electro-magnet actuated 
by a half-second pendulum. 

An arrangement was provided by which a known e.m.f. could be thrown 
into the galvanometer-thermopile circuit to test the volt-sensitivity of the 
combination, the degree of damping, or the rapidity of movement, A second, 
almost similar, arrangement was used to throw such an e.mi. into the com- 
bined circuit as would compensate for the constant temperature .difference 
between the warm and the cold junctions of the thermopile. The e.m.f. so 
used could be read, and thus it was possible to measure the magnitude of 
this temperature difference. 

Muscle Chamber . — ^The muscle chamber was similar to that described by 
Fenn (8). It was deeply sunk under water at any required temperature in a large 
double-walled silvered vacuum flask. The water inside the flask was vigor- 
ously and continuously stirred by bubblii^ air through it. 

Thermal Begistration . — ^The thermopiles used in these experiments were of 
various kinds. Eealising that slipping of the muscle over the junctions would 
provide the most likely source of error, and supposing that a sin^e couple with 
one junction inside the muscle of the heart would b^t avoid this slipping, I first 
r^ed sin^e couples of silver-nickel-silver, or nickel-constantan-nickel, or ixon- 
coiBtantan-iron. The wires were 0-1 to 0*2 mm. in diameter and the length 
of each of the three soldered wires was 3 to 4 cms. The middle wire of each 
couple had at each end a knot, at a distance of 3 to 4 mm. from the junction. 
By means of a fine needle the soldered wire was pulled through the heart 
muscle wall until the knot stopped it : at the point where the wire came out 
of the heart it was fixed by a thread around the wire. The end portions of the 
couples were soldered to two copper wires coming out of a glass tube ihrou^ 
the rubber stopper. By means of its long leads the couple was made elastic 
enough to allow the heart to move as it required without causing any visible 
change to occur in the position of the inside junction, which was hdd inside 
the muscle at the one end by the wire knot, at the other end by ihe thread. 
The cold junction was embedded in a piece of plasticine. The sensitivity 
given by this arrangement in connection with the ^Ivanometer at the 
sensitivity mentioned above, was 1-1 X 10~^to2*7 X for 1 mm. 

deflection on the drum. 

I attempted to increase the temperature sensitivity by usiig two couples 
in series, but control espeiiments, in which an ordinary wire (without junctions), 
of the same resistance as the couples employed, was pulled through the heart 
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muscle, sliowed sometimes that the galvanometer made deflections at each 
beat. These deflections might be caused, if beginning before the beat, by 
the action current; if occurring during the contraction, by polarisation 
phenomena due to the action or the injury current, and connected with the 
movement of the tissue along the wires or with variation of electrical resistance 
owing to the change of shape. Control experiments, in which insulated, wires 
without junctions were fixed in a similar way inside the heart, never gave any 
deflectioiu Thus the deflection obtained when using uninsulated wire passing 
through ihe muscle in two different places cannot be caused by electro- 
magnetism, or by currents induced by the action currents, as Bernstein (9) 
supposed in a similar case. 

Control experiments nciade with an ordinary unsoldered wire, employed in 
the same way as a single couple, never showed any disturbance of the Hnd 
described. Such disturbances are clearly due to contact of a wire at two 
points with the muscle. I attempted to insulate the junctions so as to be able 
to employ two junctions or more inside the muscle, but I never succeeded, 
with the fine wires used, in getting so perfect an insulation that I could be sure 
of it after the couple had been pulled through the heart. For the same 
reason I was forced, when using a single couple, to make experiments only in 
a moist chamber and never in Einger's solution. 

With this method I investigated the hearts of frog, eel and tortoise. The 
results were not sufficiently satisfactory, and I next attempted to use a 
thermo^e touching the outside of the muscle, on the one hand without 
preventing movement of the heart, on the otherwithout slipping of the junctions. 
After many trials I concluded that the shape of the heart and its consistency, 
in the case, at any rate, of frog and tortoise, make it impossible to fit to it 
any form of thermopile which does not allow slipping of the junctions. For 
tite longest eel heart I used a thermopile similar to that employed by Herlitzka 
for the rabbit’s heart. The best thermopile employed, which was constructed 
for me by Mr. A. C. Downing, consisted of a 7/8 sector of an ebonite ring 1 mm. 
thick, of which the inner diameter was 4 mm., the outer 13 mm. Its total 
weight was 0*215 gms. The *'warm’’ junctions were inside the ring, the 

cold ” junctions outside. The wire employed was 0*12 mm. thick; the 
40 couples in it were made by the silver-plating method of Wilson (11). Its 
r^stance was 25 ohms. This thermopile, when fixed on an eel’s heart of not 
too small dimensions, and connected by fine silver wire to the copper leads of 
ihe rubber stopper, seemed (so far as was possible to observe by eye) neither 
to prevent movement of the heart, nor to permit the part of the muscle 
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touching the thermopile to slip over the junctions. The thermopile was 
insulated, first by varnishing it with shellac, then by rendering it waterproof 
before each experiment by a thin layer of solid paraflBbn. This "layer was made 
by painting the thermopile with a dilute solution of parafiSn wax in ether. 
A thermopile so prepared, employed either in Einger’s solution or in a moist 
chamber, never gave trouble of any kind. The sensitivity of the whole 
arrangement, with coils in series in the galvanometer, could be made as high as 
1 mm. = (7 X 10“®)^. 

In several experiments couples were used as described by Bohnenkamp. 
Short pieces of constantan and iron wire were soldered together, as shown in 
fig, 1, and connected by fine silver wir^ to the copper terminals of the muscle 
chamber. The heart was placed in the middle so that it was touched by six 

Constantan wire 



junctions. When the heart beat it appeared as though no displacement of any 
kind took place between the junctions and the muscle where they touched it. 

Temperature Sensitivity . — ^The temperature sensitivity of the single couples 
was calculated from the theoretical thermo-e.m.f., and of the thermopile with 
silver-plated couples on the assumption of 20 microvolts per couple per 1®. 
It was impossible to employ a direct calibration of the thermojfle under the 
conditions of these experiments, owing to lack of uniformity of section of the 
tissue employed, but from other experiments in which calibration could be 
carried out about 20 microvolts per couple per degree was found- Comp.rison 
experiments with the ring thermopile on a gastrocnemius-sciatic preparation 
of the frog showed that this number gave results of the same order as found by 
other methods, namely, 3 to 4 X 10”"®^ rise of temperatare for a single 
maximal twitch. 

Hecst-Loss . — Since the wires were thin and the distance between cold and warm 
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junctions was great, particularly when using a single couple, it was to be 
expected that settling down ’’ would be slow’after a rise of temperature had 
iafcen place. Using a single couple on a gastrocnemius muscle the 
^vanometer made, after a single induction shock to the nerve, a quick 
deflection of a certain size, remained in its new position for several seconds, 
and began then still further to deflect, in consequence of the recovery heat 
production. Sudden warming of the gastrocnemius gave a rapid deflection 
without any appreciable return of the galvanometer during the first few 
minutes. 

The settling down of the ring-thermopile took several minutes to complete, 
even in experiments in Singer’s solution. In the moist chamber half of the 
temperatare rise recorded was lost in 14 seconds, in Singer’s solution in 8 seconds. 
Using a gastrocnemius stimulated through its nerve, instead of a heart, the 
ring thermopile employed in Singer’s solution gave a deflection only 16 to 
17 per cent. 1^ than in a moist chamber. 

MechaniccS^ Recording. — As is known, the best method of preventing any 
Upping over the junctions is to let the muscle make only isometric contractions. 
For the heart this implies that it must beat always on its diastolic filling without 
ejection. No heart will do this for any considerable time, as is necessary for 
preliminary equalization of temperature in myothermic work. It is impossible 
to get even an approximately isometric contraction of a heart by fixing one 
point of it to an isometric lever. The heart, therefore, was connected only to 
an ordinary heart lever : one end of this lever was bent down and insulated and 
ended in a platinum point dipping in a small vessel filled with 95 per cent, 
alcohol with a trace of NaCSL dissolved in it. Opposite the platinum point of 
the lever was a second platinum point brought insulated into the vessel. As 
the heart worked the distance between the two platinum points changed, 
and consequently the electrical resistance between them. By means of a 
Wheatstone bridge this change of electrical resistance was indicated on a 
galvanometer. By means of a lamp and mirror the deflections of this 
galvanometer were marked on the same drum as those of the Downing galvano- 
meter. This arrangement showed practically no polarisation and worked with 
very small delay, the galvanometer curve being very nearly the same as the 
curve of movement of the heart lever itself. 

Work by Heart . — ^In a few experiments the heart was fitted with a cannula 
fhioi^h the aorta and valve, so that as it beat it moved the liquid in the cannula 
up and down, and so did work. This arrangement, however, appeared only to 
intejduce a new source of error without appreciably bettering the conditions, 
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and I returned to the heart working without filling. In the experiments with 
the eeFs heart in Einger’s solution I tied into the vein, as weU as into the aorta, 
a small cannula : the one in the vein was intended only to keep the vein open 
so that the Einger’s solution could reach the auricle : the aorta cannula ended 
30 mm. above the surface of the Einger’s solution. In this way the heart did a 
certain amount of external work. 

Tmuperature EqucdiscUion. — ^After all preparations had been made, and the air 
had started bubbling through the water of the vacuum flask, it was necessary to 
wait for at least an hour before making a record. Even so, in all my experi- 
ments, there was a considerable difierence of temperature between the “ cold 
and the warm ” junctions. In agreement with Biirker (10) I found in the 
moist chamber that the warm ” junctions were nearly always colder than the 

cold ’’ ones. In Einger’s solution the difference was much smaller, and now 
in the other direction, the “ warm ” junctions being hotter than the “ cold 
on^. No attempt was made to eliminate this difference by covering the cold 
junctions with moist tissues, since in this way one cannot avoid the difference 
of temperature between different points in the chamber itself : one can only 
equalise the temperature of the cold and the warm junctions. I preferred, 
therefore, to compensate the temperature difference with an electrical current, 
as described aljove. This temperature difference indicated, to a certain degree, 
the magnitude of the differences likely to occur between different parts of the 
chamber, and therefore also of the heart. I supposed that, in general, the 
smaller the difference between the cold ” and the “ warm ’’ junctions, in 
experiments of this Hnd, the smaller would be the errors due to slipping over the 
junctions. 

After each experiment the direction of the deflections corresponding to a 
rise of temj^ratuie of the muscle was carefully tested. 

Eesults. 

ExperimeTits with Sirhgle Couples . — ^The first experiments were made with 
a frog’s heart, using single couples. In agreement with other inv^tigators 
they showed a process with two phases. The first phase begins witii systole 
and ends with, or shortly after, the beginning of diastole. Now begins Ihe 
second phase in the opposite direction, outlasting diastole for a short time. 
The movement of the first deflection is generally quicker than of the second. 
In order to avoid too rapid a beat the experiment was earned out, either at a 
low temperature (12° C.) or by using the ventriefe only, beating in its own 
rhythm. In many experiments, especially with eel hmrts, tingle beats were 
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produced by interrupting a vagus stimulation. Some such device is necessary 
in order to cause the heart to beat so slowly that the galvanometer may 
follow its temperature changes with a certain accuracy. 

The results of the experiments with single couples were remarkable for 
two facts, {a) the great variation of the temperature change involved, and 
(6) the sign (±) of the first temperature deflection. With regard to {a) the 
magmtude of the temperature change varied in different experiments in an 
extraordinary manner, viz., from 0-00014° to 0-0031°. The average of a 
number of experiments was 0*00094°. The deflections became smaller when 
the heart began to beat more feebly. Sometimes an increase of the deflection 
was noted after a long vagus stimulation, but at the same time the amplitude 
of the heart beat increased also. Without any strict proof I formed the 
impression that, in a given heart, the size of the galvanometer deflection was 
proportional to the amplitude of the movements. With regard to (6), the 
direction of the initial heat change was, in different hearts, not always the 
same. As these were my earlier experiments I neglected sometimes to test 
the direction of the deflections. In 25 i^r cent., however, of the observations 
the first deflection corresponded to a warmmg of the heart muscle, and in 
50 per cent, of them to a coding. 

It is impossible to believe that variations, in the ratio of 22 to^l, of the initial 
heat deflection can ha^e a physiological origin. The same thing, however, 
has been observed by others. HerUtzka found in his experiments that one 
rabbit’s heart mi^t give a temperature change of 0*012° C., while another 
heart} gave apparently notiung. (His temperature sensitivity was 1 mm. = 
0*006° C., and his string galvanometer curve was readable to 0*1 mm.) 
Bohnenkamp also found differences in the ratio of 10 to 1. Still less reasonable 
is it to suppose that the physiological process may in one case be endothermic 
and in the other exothermic. Moreover, the fact that for each beat the total 
thermal effect was always zero was suspicious. With a regularly beating 
heart we might expect, as A. V. Hill (1) pointed out, regular oscillatioi^ of 
tibe galvanometer, since the heart would go on wanning until it reached a 
steady state, in which heat-loss in diastole was balanced by heat-production in 
systole. In experiments, however, in which a single beat occurred, after 
stopping ihe heart fora long time, the total effect was still zero and the return to 
zero was much quicker than would be possible were it due simply to loss of heat. 

Snyder, as well as J^hnenfcamp, concluded that the second phase could not 
be due to loss of heat ; the former imagined a second chemical process to 
occur witii negative heat production, the latter a physical endothermic process 
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(cliarging of colloids). In tlie present experiments, liowever, it seems mncli 
mom probable that, if the direction also of the initial heat may vary, then all 
these remarkable r^nlts should be attributed to some technical error. 

I attempted, therefore, to repeat the experiments with a heart much more 
solid and compact then the spongy frog’s heart. The eel’s heart seemed well 
fitted for this purpose, particularly because it lives much longer in the moist 
chamber than does that of the frog. The results, however, were no better. 
I obtained values var 3 dng from 0*0002 to 0*004° with an average of 0*00168. 
In one-third of these experiments the initial deflection was positive, in two- 
thirds negative. 

The experiments were repeated therefore with tortoise hearts. At first 
I was unable to obtain tortoises with hearts in sufficiently good condition to 
function long enough in the moist chamber. Only shortly before the com- 
pletion of the experiments recorded here did I get some tortoises fit for my 
purpose, so that there are only a few experiments to record. 

As I imagined that the chief error was caused by movement of the hearty 
bringing the warm ” junction in one case more to the inride, in the ofter more 
to the outside, I attempted in several experiments with the thicker tortoise 
heart to place the junction (a) more to the outside (1 mm. distance) ; (&) 
n^ier to the inside, and (c) as nearly as possible in the middle of the muscle. 
The position of the* junction was determined after each experiment, by section 
of the heart. 


No. 

I>ate. 

Temperature 
change, °C. 

Direction 
of first 
deflection. 

Remarks. 

i 

10.12.25 

0*0017 


(Timction near the outer snriaoe. 

2 

10.12.25 

0-00064 

— 

JnncMon touching ti^ inB^®Klaoe. 

3 

11.12,66 

0-00012 

"f 

Junction in Ihe middle. 

4 

14.12.25 

0-00010 

-j- 

Junction in the middle. 

5 

16.12.65 

<0-00010 

? 

Junction in middlb. 

6 

17.12.25 

0-0015 

— 

Junction touching ihe imw surface. 


It must be admitted that in experiments 3, 4 and 5 the duration of 
second phase was so long that it couH not be said with certainty that this phase 
is not due to temperature equalisation. 

No definite conclusion could be drawn from these results. On ihe presump- 
tion that different hearts have a heat develo|unent of the same order of magni- 
tude, one can only conclude that this does not i€®ult in a rise of tmperatore 
of more than 0*0001° for a single beat. In fe.vour of this condurion is the 
fact that in frog and eel hearts the defl^tio]^, even when as smaB as 0*0(M^°, 
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mBj be in either direction (-{-or — ), which, could scarcely be the case were 
there a consistent positive heat production of an order of size much greater than 
that quantity. 

Ea^^eriments wUh Ring TAemopife.— Experiments carried out with the ring 
thermojdle in a moist chamber gave no better results, although the position of 
the thermopile (as far as one could judge by eye) was an ideal one. The 
records had two phases as already described. The temperature deflections 
varied from 0*00008 to 0 •003^ with an average of 0 *00134^". In half the experi- 
ments the first deflection was positive, in half negative. These experiments 
were continued sometimes for five or six hours ; in two of them I observed a 
change of direction of the galvanometer deflection to occur without any external 
cause, while in a third a change of direction happened after a short and gentle 
pull by the hand on the lever. Since these results were as unsatisfactory as 
fliose with a single couple I attempted to repeat them in Einger’s solution. As 
mentioned above, the temperature sensitivity of the apparatus is dinoinished 
only 17 per cent, by using Einger’s solution around the muscle and thermopile. 
The first difficulty encountered was to get a Einger’s solution fitted for the 
eel’s heart. It was found, however, by experiment that an oxygenated solution 
of 0*7 per cent. NaCl, 0*016 per cent. NaHCOg, 0*01 per cent. KCl, 0*03 per 
cent. GaClg, and 0*1 per cent, glucose, in glass-distilled water, enabled one to 
keep the heart beating sometimes as long as 18 hours. 

These experiments in Einger’s solution all showed a positive initial deflection, 
while the following negative one was so slow that it was impossible to decide 
that the second phase was not due merely to loss of heat. On the average, 
the warming effect was only 0*000071°, the greatest being 0*000112°, the 
smallest 0*000047°. These experimenis make it still more probable that the 
real thermal effect in the single heart beat is of the order of 0*0001° C. 


Some experiments were carried out in another way, the deflection being 
observed first in Einger’s solution and then after removal of the solution 
from the chamber. The following is a typical experiment. 


Ko. 

Time after 
beginning of 
experiment. 

Deflection, ^C. 

Direction j 
of first 
deflection. 

Difference between 
“ cold ” and “ warm ” 
Junction, °C. 


hr. mins. 

1 



1 

1 20 

I 0 000061 


-0*0025 


1 21 

Removal of Ringer’s solution. 


2 

1 40 

0-000084 I 

+ 

4- 0*0058 

S 

2 10 

0-00015 

4- 

4- 0-00325 

4 

2 40 

0-00014 

-f 

4- 0-00275 
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Such experiments showed that after the removal of the Ringer’s solution 
the deflection increases with the time, but never reaches higher values than 
0*0002° C- In some experiments the direction of the deflection changed 
immediately after removal of the solution. 

In another type of experiment, a record was first made in the moist chamber, 
then the chamber was filled with Ringer’s solution and after some time another 
record was taken. 


No. 

Time after 
beginning of 1 

experiment. ■ 

Deflection, °C. 

Direction 
of first 
deflection. 

Difference between 
‘‘ cold ” and “ warm 
junctions, °C. 

1 

hr. mins. 

1 0 

0-0013 

4- 

-0-02 


1 

1 

Ringer solution brought into the chamber. 

2 

2 

0 

0-000047 

+ 

- 0-0059 


Such experiments made it evident that the irregular results obtained in experi- 
ments with the moist chamber were due to unsatisfactory conditions there. 
The greatest care was taken that the chamber should be saturated with moisture. 
In experiments where a moist chamber at room temperature was placed in the 
Dewar flask filled with water at a low temperature, great differences between 
the hot ” and the ‘‘ cold ” junctions existed (0*01° to 0*04°) although at the 
end of the experiment the tube of the moistchamber had been completely covered 
with moisture on its inside- As many other investigators have had the same 
difficulty it seems necessary to suppose that in the moist chamber evaporation 
is taking place in some spots, condensation at others. By filling the chamber at 
first completely with Ringer’s solution and then blowing it out the condiimns 
can be improved, as Hartree and Hill have pointed out. It may be that this 
improvement is due to better equalisation of temperature, since heat conduction 
and convection in the Ringer’s solution is much quicker than in «dr. The 
equalisation, however, is never complete even in Ringer’s solution. 

Temperature Differences in the Musde . — ^It is obvious that ihe mme of dis- 
turbance due to slipping over the junctions must be differences of tempeiatoie 
along the muscle itself. When a ring thermopile is emjioyed it is probable 
that the covered portion of the muscle has another temperature than tiie 
tincovered. Some part of the disturbance, moreover, may be due to the fact 
that tile firmness of contact between a ^ven area of the muscle and the ther- 
mopile changes while the heart passes through its <^cle. It was interesting, 
therefore, to enquire whether such temperature differences do actually exfet 
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in the muscle. For this purpose I used, not a beating heart but a thick gas- 
trocnemius, bringing one junction of a single couple into the middle of the 
muscle and the other junction 1 to 2 mm. below the surface. Observations 
were made for more than 48 hours and showed that there was always a tempera- 
ture difference of ^me hundredths of a degree. Since this experiment, however, 
might be disturbed by a difference of electrical potential causing a current in 
■Sie wire, or possibly by rigor mortis not beginning in all fibres at the same 
moment, it was necessary to measure the magnitude of such differences as 
may exist in non-living non-conducting substances in the same moist chamber. 
For this purpose a piece of plasticine, some centimetres long and 3 to 4 mm. 



Fig. 2. — Temperature differences at two points 10 mm. apart, in a lump of plasticine 
suspended in a muscle chamber of the type employed in the present investigation. 
Vertically, hundredths of a degi^ ; horizontally, time in hours. 


thick, was hung verticaffy in the chamber, the two junctions being placed in 
the plasticine 10 mm. apart. Fig. 2 shows that the settling down between 
the two spots tak^ a very long time. The difference soon (1 hour) reaches a 
magnitude of 0*03° C., and then falls very slowly tiU, after 48 hours, it reaches 
zem. 

To compare my methods with those of others I made the same model experi- 
ment under the conditions which Snyder used for his heart observations. 
Snyder employed a muscle chamber consisting of a Dewar with a rubber 
stopper. To produce a low temperature ice was placed in the bottom of the 
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flask. The results of this model €:Q>eriment are shown in fig. 3. The difference 
is 100 times as great as in my arrangement. This indeed is not to be wondered 
at when one considers a temperature fall of 20 degrees or so between the top 
of the rubber stopper and the bottom of the flask. 

In my es^^eriments the temperature fall between the top and the bottom 
of the muscle chamber was very small, since it was kept in the moving water 
of the Dewar flask. If the air was bubbling well the top of the water in the 
flask was only seven to eight-thousandths of a degree warmer than that at the 
bottom. In the absence of bubbling, however, the top was soon 0 • 17 degree 
cooler than the bottom. 

Since the outer temperature of the muscle chamber, as employed in my experi- 
ments, was so nearly the same at different points, the relatively high differences 



Fig, 3. — Temperature diffesrences at two points 10 mm. apart, in a lump of plaslidiie 
suspended in a musek chamber similar to that emj^cgred by Snyder, wifli ice at tifee 
bottom. Verticafly, d^rees ; horizontally, time in hours. 


in the inside cannot be attributed to inequalities of the outade temperatam : 
they must be caused either by evaporation, or by diffei^ces in &e sbw rate 
of “ settling down.” In any case the existence of such temperature difference 
make it clear why dipping over the junctions, even of invisible diir^nsions, 
may cause disturbances relatively so great. 

Even in the method employed by Bohnenkamp there must be some change 
in the position of the junctions, though due perhaps only to an alteration of tiie 
pressure of the junctions on the tissue during systdb. Erpeximents carried 
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out with Hs method gave me also deflections of 0-001 to 0-01° C. Used 
with a gastrocnemius his thermopile gave not only a warming on contraction 
but also a cooling on relaxation. The same efiect has been found by Bohnen- 
kamp himself, but is never obtained with ordinary well-proved methods. 

BisGossion.—ThB results of my experiments are therefore unfortunately 
mostiy of a negative kind. It would seem probable that the thermal change in 
the cold-blooded heart is only of the order of 0-0001° C. per beat. Further 
experiments must be carried out in order to be certain that even this number 
is not too large. The e 3 p)erimental difficulties are great, and it would seem 
certain that the preponderant efiect in all observations recorded so far is one 
due purely to physical errors and to*imperfections of techni<jue. It is natural 
that the heat production of the heart should be so small, since the intrinsic 
force of heart muscle is much less than that of skeletal muscle. Since the 
results are so uncertain it would ^em inadvisable to make any further theo- 
retical discussion of them. 


Summary. 

1. An attempt has been made, by various methods, to determine the heat 
produced during the beat of a cold-blooded animal’s heart. 

2. Under ordinary conditions a thermojunction sewn into the heart muscle, or 
a thermopile resting against its surface, may show large and easily recorded 
effects : three facts, however, show that these are due, mainly or entirely, 
to imperfections of technique : (1) the extreme variability of the initial change 
of temperature during systole, in the absence of any corresponding variation in 
the heart beat itself ; (2) the absence of any constancy in the direction of this 
initial heat change, which is as often negative as positive ; and (3) the fact that 
the thermal change in systole is almost exactly balanced by an equal and 
opposite change in diastole. It is concluded that these obvious effects are due 
mainly, or entirely, to movement of the thermojunctions over, or through, 
the tissue. 

3. Such movements could produce apparent thermal effects only if there were 
differences of temperature along the surface, or inside the substance, of the 
muscle. Direct experiments with pairs of thermo junctions in different parts 
{a) of a heart, (&) of a gastrocnemius muscle and (c) of a lump of plasticine, sus- 
pended in a moist chamber, have shown that temperature differences do exist, 
sufficient to explain the observations, even after considerable intervals have been 
allowed for temperature equalisation, and even when great care has been taken 
to ensure equality of the external temperature. 
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4. These temperature differences can be largely avoided by suspending the 
tissue and thermopile in Einger’s solution : without affecting the magnitude of 
the heart beat, the introduction of Einger’s solution into the chamber may 
largely abolish, or even change the direction of, the thermal deflections previously 
observed. 

5. The heart muscle is so ill-adapted to myothermic experiments, and the 
heat production during a heart beat seems to be so small, that it would appear 
impossible, by any method hitherto described, to measure the true rise of 
temperature with any accuracy^ stiff less to draw any conclusions from the 
records obtained. 

6. In a general way it is concluded that the rise of temperature in a cold- 
blooded heart, contracting isotonically against a small load, is of the order of 

o-ooorc. 

It is a pleasure here to es 5 )ress my indebtedness to Prof. A. V. Hill for Lis 
advice and assistance throughout this work, and to Mr. A. C. Downing for his 
help with thermopile and galvanometer. As the holder of a Pellowship of the 
Eockefeller Poundatdon I wish to -express my thanks also to that body for 
making this work possible. 
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Experimental Studies on the Differentiation of Ernhyonic Tissues 
growing in vivo and in. vitro. — I. The Development of the 
Undifferentiated Limb-Bud (a) when Subcutaneously Grouted 
into the Post-Embryonic Chick and (b) token Cultivated in vitro. 

By T. S. P. Steangeways, Lecturer in Special Pathology, Univeraity of 

Cambridge, and Honor B. Fell, Ph.D., Beit Memorial Research Fellow. 

(Communicated by Sir William Hardy, P.R.S.— Received October 3, 1925.) 

(From the Laboratories of the Hesearch Hospital, Cambridge.) 

[Plates 5-13.] 

Introduction. 

One method by which the problem of the differentiation of animal tissues 
may be approached is by studying the behaviour of simple embryonic tissues 
when growing in an abnormal environment, such as that produced by grafting 
into atypical situations in vivo or by cultivation in vitro. It is along these 
lines that the investigations of the present writers are being conducted. The 
work so far completed, the results of which are recorded in the present com- 
munication, consists of a study of the development of the undifferentiated, 
embryonic limb-bud of the fowl when grafted subcutaneously into a post- 
embryonic chick and when cultivated in vitro. A preliminary investigation 
of tiie histogenesis of cartilage and bone in the limbs of the embryonic fowl 
was carried out by one of the writers (Fell, 1925) in order to provide normal 
standards with which to compare the experimental material. 

Rous (1910, 1911), Fichera (1909) and many others have successfully grafted 
foetal and embryonic tissues into young and adult animals, usually in connection 
with the study of tumour growth ; a bibliography and summary of the earlier 
work is given in Fichera’s paper. Almost all the work on the development of 
grafts of the undifferentiated limb-buds has been carried out on the embryonic 
Amphibia by Brans, Harrison (1907, 1918, 1921), Detweiler (1918, 1925), 
Nicholas (1924) and others. Spurling (1923) describes a case of accidental but 
successful autotransplantation of the posterior limb-bud in a fowl embryo. 
Murray and Huxley (1925) record two experiments in which part of the hmb- 
bud of a four-days’ embryo was successfully grafted on to the chorioallantoic 
membranes ; in one case a highly differentiated and very easily recognizable 
femur ” showing early ossification was found after 5 days’ growth. 
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A fragment of vertebrate embryonic tissue when cultivated in vitro may show 
two types of growth : (1) an outwandering of the cells into the culture medium 
where they continue to multiply by mitotic division ; this form of growth has 
been termed uncontrolled (Thomson, 1914 ; Fischer, 1922), and hisiio- 
tjrpic ” or “ cytotypic (Maximow, 1925). (2) The growth by mitotic division 
of the whole fragment, which behaves almost like an independent organism and 
may undergo a certain amount of progressive differentiation, Thomson (1914) 
calls this type of growth controlled ” but Maximow (1926) prefers the term 
** organot37pic.” 

The latter type of growth has at present received comparatively little investi- 
gation. It was first observed in the Amphibia. Thomson (1914) noted that 
portions of the embryonic chick, and even whole embryos, increased in size 
during cultivation in vitroy whilst an outgrowth of branching cells occurred 
only from cut surfaces. Fischer (1922) found that fragments of the small 
intestine of fowl embryos became completely invested by cylindrical epithelium 
and remained alive for a month. CJhlopin (1922) describes progresssive differ- 
entiation in vUro of various manomalian tissues including fragments of partially 
differentiated limb-buds. Maximow (1925) studied cultures of portions of early 
rabbit embryos and noted that the explants underwent organotypic growth, 
and for a time showed progressive evolution of the various pximordia. In 
Part II of the present communication the writers have shown that the un- 
differentiated limb-bud of the fowl, when cultivated in a relatively large volume 
of medium, shows organotypic growth in a marked maimer, and at the same 
time undergoes considerable differentiation along comparatively normal lines. 

The expenses of the investigations recorded in this paper were defrayed by 
the Medical R^earch Council, and the writers have pleasure in expre^ng 
their thanks for this assistance. 

Past I. — ^The Development of the Limb-Bud when Gbaptbd into the 

Post-Embryonic Chick. 

1. Technique, 

(1) Material . — ^The chicks and embryc^ employed in this part of tiie investi- 
gation were from a strain of pure bred White Leghorns. The embiyos from 
which the undifferentiated limb-buds were taken were of 81 houis^ incubation, 
and the chicks into which the buds were grafted were 11 days’ old. Tweniy- 
se ven chicks were operated upon and twenty-five suco^ful grafts were obtained. 

2 B 2 
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(2) The IHssec^im.— The shell and membranes covering the large end of the 
were removed, and the embryo was lifted out and placed in a drop of 
sterile Bangers’ solution. The right posterior limb-bud (text-fig. r.p.L) was 
amputated whilst the left posterior limb-bud was fixed in Zenker’s Huid to 
serve as a control. 


i:aJ. 



Tbxt-hgube. — ^Dra-wing of 80 hrs. embryo showing the limb-buds (r.cr.L : right anterior 
bud, npJ. : right posterior bud). 

(3) The Operation.* — ^The limb-bud was inoculated in the under-surface of 
the wing beneath the sHn covering either the prepatagium or the muscles 
surrounding the radius and ulna. 

(4) HistohgimL Methods, — ^The cHcks were killed at short intervals and the 
grafts removed and fixed in Zenker’s Fluid. Complete serial sections of each 
graft and the surroun<Eng host tissues were cut. Sections were stained by 
iron hsematoxyHn alone, iron hsematosylin and Van Giesen’s Stain, Mallory’s 
Stain, safranin and picro-indigo-carmine, methylene blue and alcoholic eosin, 
and hgematoxylin and alcoholic eosin. Histological preparations of the control 
limb-buds were made by the same methods, 

2, Growth and THffereritiaiion of Grafts, 

(1) Structure of Limb-Bud at Time of Inoculation. — ^The posterior limb-bud of 
an 80 hours’ embryo, which varies somewhat in its degree of development in 


* The actual inoculation was performed by T. S. P. S. 
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different individuals, is a flattened structure, semicircular or oblong in shape. 
In most cases the bud is completely undifferentiated (fig. 1) and consists of a 
mass of stellate mesenchyme cells covered by a simple ectoderm composed of 
a basal layer of columnar cells and a superficial layer of flattened cells. Along the 
distal margin of the bud the ectoderm is thickened to form a small ridge (r). 
In Nos. 19 to 27 the controls show a slightly more advanced stage of 
development, the mesenchyme having condensed to form an elongated axial 
mass of precartilage whilst the sites of future muscles are just distinguishable. 
In no instance has early cartilage appeared. (See Plate 5, etc.) 

(2) MuaroscopiG Observations on living Grafts, — ^As a rule outward signs of 
growth are not visible until the beginning of the third day, when a small nodule 
appears at the site of inoculation. This increases in size, growth being very 
rapid between the fourth and seventh days. In some cases the graft continue 
to enlarge until about the thirteenth day, but more often growth ceases between 
the eighth and ninth days. The ultimate diameter of the graft after 13-14 
days^ growth varies from 4-8 mm. 

(3) The Histological Development of the Grafts. — ^The youngest grafts fixed were 

of 16 hours’ growth. Histological preparations show the inoculated limb- 
bud (fig, 2g) lying loosely in the subcutaneous tissue of the host, which is con- 
siderably inflamed. The graft itself is composed of a dense mass of xmdifferen- 
tiated cells (fig. 3) more or less polyhedral in outline and containing a large 
spherical nucleus with plasmasomes ; no cartilage is present, but the dense 
aggregation of the cells probably corresponds to precartilage.” The cells are 
in active multiplication, mitotic figures being everywhere abundant. Grafts 
of this age are either not vascularised or merely show a few capillari^ beginning 
to penetrate the surface. Granulocytes together with a certain proportion of 
other wandering cells are especially numerous aroxmd the graft (fig. 2), which 
may be enclosed by a dense mass of th^e elements. Always a few and some- 
times large numbers of these cells migrate into the limb-bud itself (fig. 3 g), 
but apparently have little or no effect upon its growth. The ^todeim of tiie 
limb-bud is usually somewhat damaged by the inoculation, and in piae^ may 
be completely rubbed away. It would seem that a large proportion, if not the 
greater part, of this epithelium degenerates : the cells shrink and the ejith^ium 
breafe up into small areas ; the cells composing these fragments begin to 
liquefy, the intercellular boundaries become obscure and finally dfcappear, and 
each epithelial fragment gives rise to a single multinudleated mass of cyto- 
plasm ; tiie nuclei also degenerate and ultimately appear as small crum|4ed 
vesicles. In this way numerous multinucleated siz^ 
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and of ectodermal origin, are formed at different points at or near the surface 
of the graft. The areas of ectoderm which do not degenerate in this maimer 
proliferate with extreme rapidity as indicated by the large number of mitotic 
figure present ; partly by proliferation and partly by an actual rearrangement 
or condensation of the cells each gives rise either to a solid sphere, or to a cord 
of cells which penetrates the underlying mesenchyne (fig. 4 ex.) or grows 
parallel with the surface of the graft. The inner layers of cells in these struc- 
tures are almost always more flattened than those at the periphery and represent 
the flattened, superficial ceils of the epidermis. 

After 40 hours’ growth nodules of cartilage appear in the graft ; they are 
usually from three to five in number and occupy the bulk of the graft. The 
cartilage is mostly of the early “ epithelioid ” type (fig. 6), i.e., it consists of a 
ma^ of polyhedral cells separated from one another by narrow, deeply staining 
walls of matrix ; sometimes development is further advanced and a greater 
quantity of matrix is present. There is no perichondrium, the cartilage fading 
gradually into the surroimding mesenchyme. The formation of new solid 
ejathelial bodies is now practically at an end, although an occasional tubule in 
early development may still be observed ; many of these structures have under- 
gone degeneration, giving rise to one or several large multinucleated giant 
cells.” Most of those which persist are growing actively, and in the majority 
a lumen is beginning to appear in the form of several small, spherical or oval 
cavities between the inner layers of flattened cells. Numerous granular 
polymorph cells wander into the epithelium and pass into the small cavities, 
where they break down. In cases where the epidermis of the host has healed 
the epithelium covering the surface of the scar often forms one or more cords 
which penetrate into the imderlying graft. Vascularization begins at this 
stage. A plexus of capillaries and small vessels is seen growing into the inocu- 
lated tissue, but as yet has not penetrated beyond the outer regions of the graft. 

By the third day the cartilage is well developed, the inner cells of the nodules 
being larger and separated by broader walls of matrix, whilst the periphery 
of the masses of cartilage is gradually becoming more distinct. The blood 
vessels are more ntimerous and now extend well into the interior of the graft ; 
a few vessels show regression. The small cavities which appear in the solid 
epithelial islets after 20 hours’ growth enlarge and fuse with one another, so 
that by the third day most of the epithelial bodies have become completely 
hollow. In some cases this canaliculization of the tubules may he deferred 
until the fifth or sixth day (fig. 6, ej).t.). All the tissues of the graft show very 
active cell division. 
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After four days’ growth, almost all the cartilage cells have enlarged to about 
one and a half times their previous size. A few of the cartilaginous nodules 
have now become invested by a definite perichondrium composed of elongated, 
flattened cells among which run a few white fibres. In most of the nodules, 
however, a perichondrium is either not developed at all or is only formed over 
certain areas of the surface ; it is found that this imperfect development of the 
perichondrium usually persists throughout the life of the graft Lymphocytes 
and other non-granular wandering cells are in places migrating from the 
capillaries and invading the graft tissue. These cells show a tendency to 
aggregate around epithelial tubules, and many of them wander in among the 
epitiielial cells ; this occurs even in cases where the epithehum, to judge by 
the large numbers of mitotic figures present, is still in a healthy condition. 

As development proceeds, the amount of lymphoid tissue present in the 
graft usually increases enormously, and by the sixth or seventh day the cells 
of the original mesenchymatous stroma can hardly be distinguished among the 
mass of immigrated cells. Not only are fresh supplies of lymphoid elements 
being brought into the graft by the blood stream, but those already present 
multiply vigorously by mitosis. This rapid infiltration of the implant probably 
accounts for the strikingly quick increase in size which is often noted in the 
living graft between the fifth and seventh days of growth. 

The epithelial structures continue to grow actively, and by the sixth day 
have given rise to long, winding clefts and tubules (figs. 6 and 7, a single 
one of which may extend from end to end of the graft. Jn some of the nodules 
of cartilage two distinct histological regions are seen. One of these regions is 
composed of cartilage cells which have become greatly enlarged and separated 
from one another by wide partitions of matrix ; many of these elements are 
degenerating : the nucleus has become pycnotic and the cell h^^ shrunk into a 
small, deeply-staining mass. The other region, which consists of smaller ceDs 
set more closely together, shows little or no degeneration and usually comjietely 
or partially encloses the areas of hypertrophied elements. jSimilar ai^as of 
hypertrophied cells occur in the normal embryonic leg and represent futare 
centres of ossification. 

By the seventh day of growth early signs of degeneration are usually beginning 
to appear. The epithelial tubules show progrmiveiy less mitc^is, whilst the 
inner, flattened cells become keratinized and sloughed off into the cavity. 
Where areas of enlarged chondroblasts occur in the cartilage, the zone of cells 
separating such areas from the small-celled cartilage, usually begin to Ime 
intermediate character and become flattened, as if compressed by the growth 



'346 


T. S. P. Strangeways and H. B. Fell. 


of the two adjacent regions. In the normal embryonic limb, a aiTnilar belt of 
flattened cells is formed between the epiphysis and diaphysig, or between the 
areas of hypertrophied cells and the surrounding small-celled cartilage in the 
fused tarsal elements. In many of the cartQage nodules of a seven days’ old 
graft the periphery is necrotic : the matrix is disintegrating and is being invaded 
by the cells of the surrounding stroma, and by numerous oxyphil granulocytes, 
whilst the liberated chondroblasts degenerate. In places where the cartilage 
^ covered with a fibrous perichondrium this superficial necrosis is not observed. 

Mitosis though stm present, is diminishing and cell degeneration is becoming 
more abundant. ^ 

Between tie tenth and the hlteenth days of growth bone nsuaUy appears 
Penostetd ossifieation in the growth always fata place in association with a 
process of cartilage composed of hypertrophied cells, 
on^ t e shape of the cartilage nodules is extremely irregular the three 
rapons of cells characteristic of cartilag. undergoing ossiScation are now yery 
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are separated from the nodules by a wide space occupied by stromal cells, and 
their course bears little or no relation to the contour of the nodules. In view 
of these facts they can hardly be regarded as representing true perichondrium. 
As periosteal ossification advances, it is found, however, that these membranes 
serve as a limit to bone formation in the same way as does the fibrous layer of 
the periosteum in the normal limb. The original bony sheath becomes con- 
siderably thickened, and numerous long irregular trabeculse running out into 
the surrounding tissue in all directions are formed in association with the 
primary layer. As soon as the trabeculse come in contact with one of these 
fibrous membranes further growth in that direction ceases and irregular lamellse 
of bone are laid down immediately within, and running parallel with, the sheet 
of fibrous ti^ue. A similar phenomenon occurs in the normal development of 
the limbs in the fowl (Fell, 1925, p. 430). 

Soon after the formation of the primary layer of periosteal bone the outer 
region of the cartilage may become calcified, and in some cases is invaded by 
blood vessels, connective tissue and osteoblasts in the usual way. The earliest 
stages in the invasion of the cartilage are not present in any of our specimens, 
but one nodule of cartilage (in graft 4, fig. 9) shows this proc^ at an advance 
stage. At one end, and along most of one side of this nodule, are strips of 
cartilage of the epiphysial type (ep.n), which are separated from the region of 
hypertrophied cells {z.kx.) which forms the main bulk of the fragment by 
narrow zon^ of flattened cells {z-fx). The periosteal bone (p.b.) is very well 
developed around the region of hypertrophied cells, where it consists of a network 
of stout trabeculae united with an inner sheath of primary periosteal bone 
deposited on the surface of the cartilage, but it thins out and disappear as it 
approaches the epiphysial cartilage. The nodule is encapsuled by a stout 
membrane of white fibrous tissue (f-m,) which forms the outer boundary of 
periosteal ossification, and, by moulding the developing periosteal bone, gives 
a false symmetry to the highly irregular nodule. In the normal embryonic 
limb endochondral ossification occurs only at the extreme ends of the diaphysis 
and in the epiphysis. In the ossifying nodule of cartilage at pr^nt bdng 
described, however, endochondral (^sification (e.&.) is proceeding throughout 
the mgion of hypertrophied cells, the matrix of which is almost entirely calcified ; 
endochondral ossification is most advance in the regions lemote from the 
areas of epiphysial cartilage. 

Several interesting modifications of the usual form of edification are to be 
found in certain of the grafts. In graft No. 5 a very large cleft lin^ by eeto- 
dermal epithelium runs ri^t across the growth, and at one point a fii^r-like 
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process formed^ of connective tissue covered by the ectodermal epithelium 
projects mto this cavity for a short distance. This process contains a minute 
nodule of cartilage on one side of which a thick layer of periosteal bone has been 
dented (%. 10) ; much of the enclosed cartilage has been excavated and 
replaced by connective tissue and large multinucleated cells {g.c.). The main 
mass of the periosteal bone is very irregular in shape and is continuous with a 
implex network of osteogenic fibres (o./.) which extend throughout the connec- 
tave tissue of the process. A somewhat similar formation of diffuse osteogenic 
fibr^ IS to be seen m graft 13. Neither of these two nodules of cartilage is 
enclosed by fibrous membranes such as those described above. Graft 5 shows 
another interesting abnormality of ossification. A conical ossification centre 
projecting from a nodule of cartilage is covered in the usual way by a layer of 
pn^iy penosteal bone. The end of this ossification centre (fig. 11) has com- 
^etely dismtegrated without the agency of inwandering cells. At the tip of 
the car^ge the matrix forming the capsules has vanished entirely, whilst 
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associated with, ossification. Although only the two cases of autolysis described 
show this process in its advanced stage, the earliest sign of cartilage disinte- 
gration, Le., the liquefaction of the intracapsular strands to form globules, is 
to be seen in several nodules in the older grafts. 

Large clefts lined by epithelium are present in all the older grafts, and are 
without exception in a degenerative condition. (Kg. 12.) The superficial 
cells become keratinized (i.), and are cast off into the cavity, whilst large 
numbers of oxyphil granulocytes migrate between the basal cells and form a 
thick layer (^./.) between the stratum corneum and the stratum Malpighii ; 
in the older specimens the cavity may be considerably distended by the debris 
of these elements. The cells of the stratum Malpighii coalesce to form in- 
numerable multinucleated masses of protoplasm {gx.) which present a most 
striking appearance. As degeneration advances, the cytoplasm of these masses, 
which usually contains large fat-globules, shrinks greatly and appears crowded 
with nuclei which are also much shrunken. The nuclei (w.) which are usually 
closely clumped together, gradually become reduced to small, deeply staining 
bodies, and eventually give rise to a mass of granules Ijting in the remains of the 
cytoplasm. 

No trace of differentiated muscular tissue was found in the implanted limb- 
buds. In some of the younger specimens, i.e., grafts of not more than four 
days’ growth, a few large elongated cells, usually unenucleated but sometimes 
containing several nuclei, are present, either scattered diffusely in the stroma, or, 
notably in Nos. 2 and 21, arranged in small bundles. The cytoplasm of these 
elements sometimes presents a fibrillar appearance, and it is possible that they 
may represent early myoblasts. In the older implants, no sign of muscle at any 
stage of development could be observed. 

The innervation of the grafts seems at best very slight. Comparatively hkig& 
nerves not uncommonly occur in the substance of the graft, but they appear 
to have been merely enveloped by the growth of the inoculated tissue and to 
pass straight through the graft without giving off any branches. Somll nerves 
also accompany many of the small blood vessels passing into the imjiant, and 
th^ are possibly distributed to the tissues of the implant. 

Simile reconstructions of eleven of the older grafts were made by means of 
super-imposed drawings. It was found that the arrangement of the nodules 
varied greatly in different grafts, and it was impossible to trace any morpho- 
logical relationship between the nodule and the developing skeleton of the 
embryonic limb. In Table I are listed the ages and degree of development of the 
27 grafts made. 



350 T. S. P. Strangeway s and H. B. Fell. 


Table L 


No. 

Age of Embryo at 
Time of Amputation 
of Limb-bnds. 

Duration 
of Growth 
in Chick. 

Cartilage. 

Bone. 

Bemarks. 

IS 

81 hours 

16 hours 


— 

Consists of undifferentiated 
mesenchyme. 

22 

97 


— 

— 

»» »> 99 

2S 

99 

99 

— 

— 

T9 93 99 

14 


2 days 

Present 

— 


19 

99 

99 

99 

— 


24 


39 

„ 

— 


26 

99 

99 


— 


11 

99 

3 davs 


— 


16 

99 

99 


— 


21 

99 

tP 


— 


25 

»» 



— 


2 

99 

4 days 

i 

1» 

; — 


17 


99 

— 

I ■ 

Graft not established. 

20 

99 

99 : 

Present 

— 


27 

99 

99 ! 

99 

1 — 


12 

99 

5 days | 

91 

— . 


7 

99 

6 days 1 

99 

— 


10 

99 

7 days ' 

19 

— 


9 


8 days 

99 

— 


6 


9 days j 

99 

— 


5 

11 

10 days 

99 

Present 


15 

11 

11 days 1 


»5 


13 

11 

12 days i 

99 

>1 


1 


16 days 

— 

— 

Graft not established. 

3 


99 


? 

Graft at first grew well, then 
resorbed. 

4 

*9 

\ 9* ! 

Present 

Present 

Largest growth obtained. 

S 

99 

i ’■ ' 

99 




Part II. — ^The Development of the Limb-Bud when cultivated in vitro. 

1. Technique. 

(!) Medial . — ^Tbe embryos from which the limb-buds were taken were of 
pure-bred Gold Leghorn (If os. 1-24) or White Leghorn, stock (Nos. 25-44) ; 
they had been incubated for 72-80 hours when removed from the egg. 

(2) M^hod of G%dtwation . — modification of a tube method which has been 
used in this laboratory during the past four years was employed. 

The medium consisted of a mixture of embryonic extract and plasma diluted^ 
in the earlier expeiimeniSj with €!ompton’s and Pannett’s isotonic salt solution ; 


ty ingiedients 
below : 

were mixed in 

three difierent proportions 

approximately as 

Medium. 

Plasma. 

Emb. Ex. 

Saline. 

1 

7 drops 

2 drops. 

50 drops per tube. 

2 

8 „ 

8 „ 

8 

3 

10 „ 

10 „ 

0 
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Small centrifuge tubes were employed as culture tubes, and the medium was 
placed in these and allowed to clot. Medium 1 gave rise to fibrin clots floating 
in a large quantity of serous fluid ; medium 2 formed a soft jelly covered by a 
layer of supernatant fluid ; and medium 3 a tough clot with a mere film of 
supernatant fluid. An embryo was removed and both the anterior and posterior 
limb-buds were dissected ofi from one side of the body — usually the right. 
The buds on the opposite side were fixed in Allen’s solution as controls. The 
buds to be cultivated were each placed in a separate tube on the surface of the 
medium and the tube was then tightly corked. In all, 67 cultures were pre- 
pared, of which 50 gave satisfactory growths (for analysis of results see Table II). 
Explants cultivated in medium 1 sometimes adhered to the clot, but more 
frequently sank to the bottom of the tube, whilst those grown in media 2 and 
3 almost always remained on the surface of the fibrin. 

The cultures were periodically changed into fresh medium ; in the earlier 
experiments this was done at intervals of two to three days, but in the later 
half of the work regularly every 48 hours. The explants were removed from 
the old plasma by means of a wide-mouthed pipette, washed in a drop of saline 
in a hoUow-ground slide, and transferred to one of the new series of culture 
tubes. 

The tube method of tissue culture is very seldom employed. The obvious 
objection to this mode of cultivation is that changes in the culture cannot be 
observed in the living condition nearly so well as in tissues growing in a hanging 
drop. On the other hand, for a histological investigation of organotypic growth 
in vitro it is admirable, since the greater supply of oxygen and food material 
obtained by this method allows the explant to attain a considerably larger 
volume without undergoing extensive necrosis. The majority of the cultures 
grown in media 2 and 3 and changed every 48 hours showed surprisingly little 
degeneration even in the central regions of the explants and after cultivation 
for a fortnight or more ; in naany cases the tissues throughout the growth 
appeared almost,, if not . quite, as healthy as in the normal embiyonic 
limb. 

(3) Histologic(il Methods , — At different periods of growth the esplants were 
removed from the culture tubes with a wide-mouthed pipette and fixed imme- 
diately in Allen’s modification of Bouin’s Huid warmed to 38° C. Complete 
serial secti<2is both of the explants and of the control limb-buds were cut, and 
stained with iron hsematoxylin, either alone or followed by Van Giesen’s stain, 
hsematoxylin and eosin, and Mallory’s stain. 
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2. Growth and Differentiation of Explants, 

(1) The Structure of the Limb-bud at the Time of Explantation— The size of 
tie limb-buds of embryos of 72-80 hours’ incubation is variable and may be 
greater in an individual of 72 hours than in one of 80 hours. In the following 
experiments the largest limb-buds employed (from embryos Nos. 7, 9, 22) 
were of the same size and structure as the majority of the buds used for the 
grafts, typical examples of which are figured in the text-figure and in fig. 1, 
whilst the smallest (from embryos Nos. 1, 10, 16, 18, 19, 25, 30, 26) were almost 
indistinguishable with the naked eye : most of these very minute buds grew 
and differentiated in vitro almost as readily as the larger rudiments. In most 
cases the limb-buds were intermediate in size between these two extremes. 
The controls (fig. 13) are found to consist histologically of completely undifferen- 
tiated, rather loose mesenchyme, in which are numerous irregular vascular 
spaces {bv.) ; even in the largest buds the mesenchyme shows no sign of 
becoming condensed to form precartilage. The ectoderm is two-layered and 
along the outer margin is thickened to form a faint ridge (r), which is usually 
less pronounced than in the case of the 82 hours’ embryos described in Part I. 
The anterior bud is very similar in shape and structure to the posterior rudiment, 
but is slightly smaller. 

(2) Observaiiom on the Living Explants. — ^During the first few days of life 
m v^fo most of the explants showed “ micontrolled ” growth from the cut 
surface, but later they usually, though by no means invariably, became rounded 
off and covered by a continuous membrane of connective tissue or epithelium. 
Liquefaction of the fibrin in the immediate neighbourhood of the explants 
almost always occurred. In most cases growth proceeded very rapidly until 
the fifth day, continued rather less actively until the ninth or tenth day, and 
then diminished until it became inappreciable and in some cases probably 
stopped altogether. When cultivated in medium 1 the limb-buds, at first 
solid, after a short time usually became cystic. Sometimes a thin-waUed 
vesicle appeared as a bulge on the surface of the explant, whilst in other cases 
the entire growth gradually became hollow, giving rise to a uni- or multilocular 
cyst with delicate translucent walls. This cystic structure usually developed 
very rapidly, and many of the explants were completely cystic by the third 
day of growth in vitro. Such vesicular cultures sometimes attained a con- 
siderable size, and the largest (No. 9 P), which was fixed after 20 days’ culti- 
vation in vitro, had reached a diameter of about 4 mm. Those buds which 
remained solid did not enlarge to any great extent. When media 2 and 3 were 
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employed this cyst formation was not nearly so marked ; only two completely 
cystic cultures were formed, and the majority of the explants either remained 
solid or showed slight cyst-formation. Unlike the solid explants grown in a 
thin medium, those cultivated in the less dilute plasma grew rapidly and 
sometimes increased to several times their original size. As differentiation 
proceeded cartilage began to form, and the cartilaginous nodules could usually 
be faintly distinguished. 

(3) The Histological Demlopmnt of tlie Exphnts. 

{a) Histology of cultures growi in a thich medium, — As stated in the descrip- 
tion of techniq^ue, two types of dense medium were employed, one more solid 
than the other, but as both gave essentially the same results the growths will be 
described in a single series. 

In theyoimger explants, i.e. in those which have been cultivated for not more 
than four days in vitro, it is usually possible to distinguish roughly the original 
coimtour of the limb-rudiment, and to determine which was the proximal and 
which the distal region of the bud owing, in the first place, to the persistence for 
the first few days of cultivation in vitro of that ridge of thickened ectoderm which 
runs along the outer margin of the bud, and, in the second place, to the fact 
that the cut surface of the bud usually becomes attached to the clot of fibrin 
by the outwandering of the mesenchyme cells, and is, therefore, not covered with 
ectoderm. The first signs of tissue differentiation appear after two days’ 
growth in vitro. In two of the three specimens fixed at this age the mesoderm 
composing the proximal* part of the limb-bud has condensed into an oblong 
mass of cells representing precartilage (fig. 14). This elongated mass is slightly 
broader at one end than at the other, the larger end lying near the cut surface 
of the limb-bud. It is interesting to note that as regards both shape and 
position in the limb-bud this block of precartilage resembles the earliest 
rudiment of the posterior appendicular skeleton in the normal embryo. In 
one specimen another small, more or less spherical nodule is situated near the 
larger end of the main piece of precartilage. The general stroma of the explants 
is composed of a network of stellate cells, as in the normal early limb. There is 
comparatively little cell degeneration, and mitotic figures are very numerous 
in both the mesoderm and ectoderm. The vascular sinuses are seen asjirregular 
branching cavities and are considerably distended. 

After three days’ cultivation in vitro the cells occupying the central region 

* The words ‘^proximal” and ‘‘distal” are used with reference to the original 
relationship of the limb-bud to the embryo. 
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of tie precartilaginous mass become less densely packed together, enlarge 
somewhat and at the same time become slightly flattened in a direction at right 
angles to the long axis of the mass ; at the periphery the precartilage fades 
into undifferentiated mesenchyme. Between the stellate cells of the loose 
connective tissue composing the rest of the explant a delicate intercellular 
network of amorphous material now appears, which has the staining reactions 
of white fibrous tissue. 

By the fourth day of cultivation the greater part of the precartilage has 
assumed the character of early cartilage. In the single specimen (fig. 16) fixed 
at this stage of development the skeletal mass is broken up into a series of oblong 
segments (c. 1., c. 2, and p.c.). One of the nodules (c. 1) is situated at the extreme 
end of the explant, in what appears to have been originally the proximal portion 
of the limb-bud, and consists of fairly well developed cartilage. A broad middle 
region, occupying about half the total length of the block is composed of cells, 
sli^tly flattened in a direction parallel with the long axis of the cartilage, 
whilst the terminal regions contain rounded or polyhedral chondroblasts. The 
cartilage fades imperceptibly into mesenchyme and the matrix consists only of 
a few fine strands and lamellse running between the cells. The adjacent cartilagi- 
nous segment (c. 2) is also comparatively well differentiated towards the proximal 
end, but about half-way along its length it is still at the precartilaginous stage. 
Two other snoall skeletal masses are present in this culture which are not shown 
in ih.e figure. The histological structure of the larger cartilaginous nodules 
in this specimen is almost identical with that of the posterior appendicular 
skeleton in a normal embryo after four days’ incubation. The principal differ- 
ence lies in the fact that in the normal embryo the rudiments of a perichondrium 
are seen, whilst in the growth there is no sign of such a structure. Chondro- 
genesis in the explant also resembles the process in the normal embryonic limb 
in that chondrification is most advanced in what was originally the basal region 
of the limb-bud. 

In cultures which have been growing in vitro for five or six days the 
cartilage is found to have reached the “ epithelioid ” stage of development 
described on p. 344. The ectoderm has also undergone a certain amount of 
differentiation, and the superficial cells show commencing keratinisation. 
At this Stage, also, various areas of the ectoderm begin to show a peculiar 
structure, which occurs to some extent in almost aU the limb-bud cultimes, 
sometimes (fig. 17) on a very extensive scale, and is also figured by Maximow 
(1925)|. In the regions to which we refer the basal columnar cells consist of 
a sin^ stratum, but several layers of superficial flattened cells have been 
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formed, and give rise to a complex system of small cysts varying greatly in size, 
the walb of which consist of either one or two layers of flattened cells. The 
way in which these cysts arise appears to be as follows : mimerous small 
clefts containing fluid are formed between the superfi.cial strata ; the clefts 
gradually become distended into small round cavities, and finally a foam- 
like mass of thin-walled vesicles is formed. 

By the seventh day after explantation the histological structure of the 
cartilage shows a comparatively advanced stage of differentiation. Unlike 
the epithelioid cartilage of the previous stage, the cells are separated by broad 
partitions of matrix; the chondroblasts thenoselves, however, show little 
structural change ; many of the cells are in mitosis. The cartilage near the 
periphery of the nodules is of the epithelioid type but has a fairly distinct 
outline, and does not merge into a mass of undifferentiated mesenchyme as 
in the younger cultures. 

After the seventh day of growth in vitro, the limb-buds undergo little further 
development, although they may continue to exist in a comparatively healthy 
condition for another fourteen days. Mitosis usually occurs to some extent, 
even in the oldest cultures (fig. 18), but as a rule diminishes in amount after 
the tenth or eleventh day of growth. In the oldest cultures there is usually 
a greater quantity of matrix present, but otherwise the histological structure 
of the cartilage shows little change. In the older specimens many of the 
nodules are partially or completely covered by a perichondrium (fig. 21, 
jwA.) composed entirely of white fibrous tissue, which on the inside fades into 
the cartilage. As the period of cultivation lengthens the amount of white 
fibrous tissue in the stroma increases, the delicate intercellular web of amor- 
phous material giving rise to a close network of white fibres (fig. 24). In 
some of the growths one or more small very dense masses of fibrous tissues are 
present (fig. 19, f.t.). The keratinisation of the epidermis continues, and the 
explants become invested by a stratified coat of horny material which becomes 
progressively thicker as the age of the culture advances (fig. 23, It.). 

The shape and arrangement of the precartilaginous and cartilaginous nodules 
in different limb-bud cultures is by no means constant. In most cases, however, 
it is found to conform to one of three general types. The first and most common 
of these, which might be termed the “ axial ” type, is very well illustrated by 
the fomr days’ old culture (fig. 16) described above. In such cases the cartilage 
consists of (1) a single rod, or (2) of two or three elongated cartilages set end 
to end, or (3) of an elongated cartilage at ohe end of which lie one or ffiore 
irregular nodules (figs. 19 and 21). In the second type of arrangement two 
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2X>unded nodules of equal or unequal size lie side by side, and in the third type 
a single large nodule is present (fig. 20). In a few of the explants the distri- 
bution of the nodules is quire irregular. In some of those specimens in which 
the axial configuration of the nodules is most marked it is found that the 
degree of differentiation of the cartilage is considerably more advanced at one 
end of the explant than at the other. Kg. 21 represents a section of such a 
specimen. 

The ectoderm in many of the cultures gives rise to cords and solid tubules 
(fig. 21, ep-t.) running into the substance of the growth. Some of the cords 
become transformed into epithelial cell nests (fig. 22). These bodies are solid 
spheres of tissue composed of concentric layers of flattened epithelial cells. 
The epithelial cords are at first slender structures continuous at one end with 
the superficial ectoderm. A cord which is destined to give rise to cell nests 
becomes thickened at one or more points, the cells in these places assuming a 
concentric arrangement ; this results in a contraction in the length of the cord, 
and the connection with the epidermis becomes more and more slender and 
finally breaks \ an increasing number of .cells become concentrated about the 
node or nodes until at length the whole cord is condensed into one or more 
independent cell nests. In one case three such nests are in course of formation 
from a single rather stout cord. In the oldest cultures the epithelial cords and 
cell nests usually become wholly transformed into keratin, the process beginning 
in the interior and spreading outwards towards the periphery. In one specimen 
(fig. 16) part of the ectoderm shows a rather remarkable structure : a single 
superficial layer of flattened cells is present ( 5 . 5 .) but the basal stratum (5.5.) 
instead of forming a continuous sheet of tissue one cell deep, has given rise 
to a mass of solid tubules or trabeculae forming a thick layer beneath the 
superficial flattened cells. The cords for the most part run in a direction 
parallel with the surface of the explant, but a few penetrate far into the interior ; 
they have no basement membrane, are set very closely together and repeatedly 
anastomose. Several of the cultures are completely or partially devoid of an 
epidermal covering and contain instead a large ectodermal sac entirely enclosed 
by the connective tissue of the explant (fig. 16). The epithelium undergoes 
keiatmisation in the usual way, and in the oldest growths in which such sacs 
occur the cavities are filled with large quantities of keratin, whilst in places 
the entire epithelial wall is composed of flattened cells in all stages of horny 
infiltration. These sacs appear to be formed as follows. Instead of growing 
over the cut surface, part of the ectoderm accompanied by a layer of the 
subjacent mesenchyme bends backwards and grows over the surface of the 
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explant, eventually fusing at the edges with the -underlying epidermis, thus 
forming a closed cavity. In some cases the entire ectoderm, together with a 
layer of mesenchyme, becomes reflected upon itself in this manner ; the edges 
of the overgrowing sheet ultimately meet and fuse and a single large sac is 
formed, the epithelial lining of which represents the entire ectoderm of the 
limb-bud, which is thus left totally devoid of an epidermal covering. 

Necrotic areas may occur even in very young cultures, but in the majority 
of explants this degeneration is remarkably slight and in many is almost absent 
(in this connection it may be remarked that small degenerative regions also 
occur in the normal limb during early development (Fell, 1925, p. 429) ). 
Necrosis of cartilage somewhat resembles the autolysis described in certain of 
the grafts (p. 348) ; the surrounding stromal cells take no part in the destruction 
of the cartilage, and even in those regions where degeneration is most complete 
the original contour of the nodule is preserved. In the case of the explants, 
however, the liberated chondroblasts are completely degenerate. The stroma 
may also show degenerative areas. 

Many of the explants are partially and two completely cystic. These cysts 
are formed in three ways : {a) by the accumulation of fluid between the ecto- 
derm and mesoderm, so that the ectoderm becomes distended to form a large, 
blister-like vesicle on the surface of the culture ; (6) by the distension of the 
embryonic blood vessels, which thus give rise to a number of large rounded 
cavities communicating with one another and lined by endothelium ; (c) by a 
local necrosis in the mesoderm, the cavity thus formed becoming greatly 
swollen by the accumulation of the fluid. In some specimens all three typ^ of 
cyst-formation are to be seen in the same explant. 

(6) The histology of ouUures grown in a thin medium , — ^The cultures grown 
in a thin medium difler from those described in the preceding section (1), in 
showing a greater tendency to cyst-formation ; (2) in the comparatively poor 
development of cartilage ; (3) in the relatively slight keratinisation of the 
epithelium investing the older cultures, and (4) in that all the tissues are more 
liable to degeneration. 

Of the sixteen successful cultures, three only are solid, four are partially 
cystic and nine completely cystic. The three modes of cyst-formation 
described in tiie preceding section all occur in these specimens. A study of the 
younger cultures indicates that a completely cystic condition of the explant 
originates at an early period of development in vitro by one or more of the 
above processes. Fig. 25 shows a completely cystic growth which had been 
cultivated for three days. Slightly older cystic cultures of ag^ ranging from 

2 0 2 
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Table H. 



No. of 
Caltnre. 

llnration of 
Gro-wth. 

No. of times 
changed into 
fresh medium. 

Cartilage. 

Kemarks. 



Days. 




, 

27 A 

1 

0 

absent 



27 P 

2 

0 

precartilage 



37 A 

2 

0 




34A 

3 

1 

present 



37 :p 

4 

1 




35A 

5 

2 




36 A 

6 

2 




3ep 

7 

3 




35P 

8 

3 



d 

31 P 

8 

3 

— 

rejected. 


23A 

9 

4 

present 



26 P 

10 

4 



32A 

11 

o 



% 

31 A 

12 

5 


degenerated. 


25 A 

13 

6 



20 P 

14 

6 




28A 

16 

7 




33A 

16 

7 




26 A 

17 

8 




34P 

18 

8 




28P 

19 

9 




30A 

20 

9 




32P 

21 

10 



i 

33P 

22 

10 

»> 



22P 

2 

0 

absent 



24A 

2 

0 



rejected. 


18 A 

10 

4 

present 


10 A 

10 

4 




20P 

10 

4 



S 

23 P 

18 P 

19 

11 i 

4 

4 


completely cystic. 

i‘ 

19 P 

11 

4 

absent 

very poor growth. 

r 

20A 

21 A 

21 P 
22A 

11 

11 

11 

11 

4 

4 

4 

4 

present 

>> 

?> 

completely cystic. 


23 A 

11 

4 




24P 

11 

4 

>> 



9A 

2 

0 

absent 



2 A 

7P 

3 

3 

0 

0 

»» 

completely cystic. 


2P 

15 p 

4 

4 

1 

A 


completely cystic. 

i4 

7A 

5 

V/ 

1 

tt 

»» »» 


UP 

6 

1 

> j 

99 99 

1* 

s 

IP 

5A 

5P 

6 

6 

6 

1 

1 

1 

>> 

present 

rejected. 


12 P 

13 P 

8A 

6 

6 

8 

1 

1 

2 

absent 

lost through accident. 

99 99 99 


3 A 

12 A 

10 

10 

3 

2 

present 

absent 



13 A 

10 

2 


rejected. 
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No. of 
culture. 

Duration of 
Growth. 

No. of times | 
changed into 
fresh medium, j 

Cartilage. 

i 

Remarks, 




Bays. 





r 

15 A 

10 

2 

present 




16 A 

10 

2 





16 P 

10 

2 

absent 

completely cystic. 


i 

3P ! 

11 

3 

present 



1 

10 P 1 

12 

3 

absent 


— i 


UP ! 

12 

3 

present 

completely cystic. 



6P 

13 

3 

it 




4:Al 1 

13 

3 

tt 


1 


6A 1 

19 

4 

— 

lost through accident. 



4P 

20 

4 

absent 




4A2 

20 

4 

present 




8P 

20 

4 

absent 




9P 

20 

4 

present 

completely cystic. 


- 

10 A 

20 

4 1 

i 


completely cystic. 


three to six days may be simple or multiple cysts ; the cyst wall is for the 
most part composed of greatly attenuated epithelium and a few thin layers 
of connective tissue. After the ninth or tenth day of cultivation, the cyst 
wall is found to be stouter and of tougher texture, owing to an increased develop- 
ment of white fibrous tissue, and one or more nodules of early cartilage are 
sometimes present embedded in and continuous with the white fibrous tissue. 
The largest specimen obtained (fig. 26) which was fixed after 20 days’ growth, 
attained a diameter of about 4 mm. ; it consists of a single chamber and three 
nodules of cartilage are present in the tough fibrous wall. 

Of the solid and partially cystic expknts only two contain healthy cartilage, 
although several show small necrotic nodules. 

The ectoderm, of the limb-buds cultivated in a thin medium in every case 
completely envelops the growth. Keratinisation, though never very striking, 
occurs to some extent in all the older explants, but even in cultures of twenty 
days’ growth, the horny infiltration is seldom so great as complexly to oblit- 
erate the internal structure of the cells. With one notable exception the super- 
ficial cysts formed from the outer layers of flattened cells, although usually 
present, are much less conspicuous than in the explants grown in a thick 
medium. 

Discussion. 

There are jbwo principal differences between the histological composition of 
the growths and that of the normal limb, viz., the absence of diffeieniiated 
muscle in both grafts and cultures and tike absence of bone in the cultures* 
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Tte writers are at present not in a position to discuss tlie possible causes of 
the non-development of muscle and bone under these experimental conditions. 

Among the minor histological abnormalities found in the grafts and cultures 
may be mentioned the curious autolysis of cartilage described on pp. 348-34:9, 
in which the matrix is liquefied apparently by the chondroblasts themselves. 
In the case of the explants the process is evidently of a necrotic nature, as 
shown by the degenerative character of the cells. In the grafts, however, 
the cartilage cells in the unafiected portions of the nodule, though hypertrophied 
and showing no mitosis, nevertheless appear in a fairly healthy condition, 
whilst many of those lying in the liquefied matrix are perfectly normal in 
structure and may even exhibit phases of mitotic division. It is interesting 
to note that we have here a phenomenon almost exactly corresponding to the 
behaviour of differentiated cartilage when cultivated in vitro, as described 
by Fischer (1922). 

It remains to discuss the important question : Does the gross anatomical 
structure of the skeletal tissue in the grafts and explants correspond with 
tiiat of the normal limb-skeleton ? In the case of the grafts there appears 
to be no resemblance either in shape or mutual arrangement between the 
cartilage nodules of the implants and the developing cartilage-bone of the 
embryonic limb. This is also true of the cystic explants cultivated in 
mssSxim 1 and of certain of the cultures grown in media 2 and 3. In 6 of 
tiie younger and 9 of tiie older explants cultivated in media 2 and 3, however, 
tile precartilage or cartilage — ^w?-hichever happens to he present — shows what 
we have termed an axial arrangement ; in such cases it would seem that a 
morphological relationship does undoubtedly exist between the skeletal tissue 
of the explants and of the normal limb. As in the normal limb-rudiment 
(Johnson, 1883) an elongated condensation of mesenchyme appears in what 
was originally the proximal region of the explanted bud, and gradually 
extends towards the distal part ; this mass usually becomes subdivided into 
two and sometimes three segments, segmentation beginning in the proximal 
part of the hud, as in the embryo. In the ezplants, however, the gross 
morphological development proceeds no further although the cartilage continues 
to differentiiate histologically fox some time longer. This arrest of the anatomical 
development of the skeleton in the explanted limb-bud may be explained as 
follows. In the cultures growth and difierentiation both proceed at con- 
siderably le^ than the normal rate. During the first three days of. life in vitro, 
gcowSi and differentiation lag behind the normal to about the same extent. 
Soon, however, it is found that, as compared with normal development, the 
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process of tissue differentiation rapidly outstrips that of growth ; for instance, 
the degree of histological differentiation of the cartilage in an explant of 
eleven days^ growth may approximately correspond with that of the cartilage 
in the limb of an embryo of five days’ incubation, although the explant itself 
is only one-third the size of the five days’ old limb. In the culture, therefore, 
the precartilaginous rudiment of the limb-skeleton, owing to its extremely 
slow growth, becomes completely chondrified long before it has had time to 
elongate and complete its segmentation in the normal way. 

This disparity between the rate of growth and the rate of differentiation 
probably accounts for the fact that the three cellular zones, seen in the normal 
limb-cartilage and in many of the nodules in the grafts, are not found in a 
single nodule in the explants. In the normal cartilage chondroblastic hyper- 
trophy first appears in the middle of the shaft (the chondrification centre) 
and spreads outwards; whilst the most actively proliferating and least highly 
differentiated regions are the distal ends. The intermediate elements are thus 
subjected to pressure by the enlargement of these two regions, and become 
flattened. In the slowly differentiating and still more slowly growing explants, 
however, pressure due to rapid regional growth must be absent or inappreciable. 
When inoculated into the subcutaneous tissue of the chick, on the other hand, 
the limb-buds do not lag behind the normal either in rate of growth or in rate of 
tissue differentiation to nearly the same extent as when cultivated in vitro, 
and it is probably because of this that the three cellular zones seen in the 
normal limb are frequently found in the cartilage nodules of the grafts. 

The fact that in no single instance does the skeletal tissue of the grafts 
correspond in gross anatomy with the normal limb-skeleton is probably due 
to the inability of the implant to grow freely when embedded in the tissues of 
another animal. The developing limb-bud would encounter on all sides 
abnormal pressures and resistances which must inevitably distort the growing 
cartilage out of all semblance to its normal morphological structure. The 
limb-buds growing in vitro, on the contrary, in favourable experiments do not 
suffer from this disadvantage, but either lie loosely in a small cavity of liquid 
medium or, in the earlier stages, are attached to the fibrin clot by the cut 
surface only, i.e., by the end normally continuous with the body-wall of the 
embryo. The cases in which the .skeletogenous tissue of the explanted limb- 
buds fails to develop along normal lines may probably be attributed to one or 
more of the following causes : (1) to the distortion of the original arrangement 
of the mesenchyme by internal cyst formation or by ingrowth of an epithefial 
sac ; (2) to the explantation of an incomplete or damaged bud ; (3) to pladng 
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tke bud upside down on tbe surface of tbe clot ; (4) to tbe bud being closely 
embedded in fibrin during some stage of development. 

The researches of Braus, Harrison (1907, 1918, 1921) and others have shown 
conclusively that in the Amphibia the undifferentiated limb-bud constitutes a 
self-differentiating equipotential system. In the case of the fowl the results 
of the present investigation indicate that the undifferentiated limb-rudiment 
possesses a considerable capacity for self -differentiation. With the exception of 
muscle and bone, the tissues normally present in the embryonic limb also 
appear in the cultures, undergoing a remarkable degree of histological develop- 
ment in the complete absence of a blood and nerve supply, whilst in favourable 
c«^es the skeletogenous tissue even shows the earlier stages in the formation of a 
normal limb-skeleton. The writers’ experiments, however, shed no further 
light on the question as to whether the limb-bud of the fowl is also an equi- 
potential system, and a discussion of this point is therefore beyond the scope of 
the present communication. 


Summary. 

1. The undifferentiated limb-buds of fowl embryos of 82 hours’ incubation 
were inoculated subcutaneously into the under-surface of the wings of post- 
embryonic chicks. 

2. The grafts grew well and differentiated into cartilage, bone, fibrous tissue 
and typical epidermis : differentiated muscle was absent. 

3. The general morphology of the skeletal tissue in the grafts bore apparently 
no relation to that of the normal limb-skeleton. 

4. The undifferentiated limb-buds from fowl embryos of 72-80 hours’ 
incubation were cultivated in vitro by means of an improved tube technique, 

5. The explants showed active cell-division and cartilage, white fibrous tissue 
and typical epidermis differentiated during the period of cultivation, 

6. When grown in a relatively fiuid medium many of the cultures developed 
into large balloon-like cysts ; in such cases the shape and arrangement of 
the cartilaginous nodules showed no correspondence with the structure of the 
developing cartilage-hones of the normal limb. 

7. When a more solid culture medium was employed cyst-formation was far 
pronounced, and in explants cultivated under such conditions the skeleto- 

geoous tissue frequently showed the early stages in the development of a 
normal limb-skeleton. 
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DESCBIFriO]S OP PLATES. 
Abbreviatimis. 


am. 

= amnion. 

gl. 

= globule of matrix. 

ba. 

= base of limb-bud. 

gr. 

== granulocyte. 

b.d. 

== blood clot. 

g-t. 

= graft tissue. 

b.s. 

== basal stratum. 

h.t. 

= host tissue. 

b.v. 

= blood vessel. 

h. 

= keratin. 

c. 

= cartilage. 

U. 

= lymphoid tissue. 

ok. 

= cork. 

m. 

= muscle. 

cy* 

= cyst. 

mi. 

= mitosis. 

e,h. 

= endochondral bone. 

m.s. 

= marrow space. 

e.€. 

= ectodermal cord. 

n. 

= nucleus. 

ect. 

= ectoderm. 

o.c.t. 

= outwandering connective tissue 

ep. 

= epidermis. 

oj. 

== osseous fibre. 


= epiphysial region. 

p.b. 

= periosteal bone. 

ep.t. 

= epithelial tube. 

pch. 

= perichondrium. 

fm. 

=!= fibrous membrane. 

r. 

= terminal ridge of ectoderm. 

fj. 

= fibrous tissue. 

8.8. 

== superficial stratum. 

9- 

= graft. 

z.f.c. 

= zone of flattened ceUs. 

gx. 

= giant cell. 

z.h.c. 

=5 zone of hypertrophied cells. 

9-f- 

= granulocjrtic d6bris. 

Plate 5. 



L — Sectaon of left posterior limb-bud of an 82 hours’ embryo (No. 7). Note the 
oompletely imdifEerentiated character of the mesenchyme and the thickened terminal 
lidge (r.) of ectoderm. (N,B. — The ectoderm has become slightly detached from the 
mesenchyme during dissection.) (Iron Haem.) 

FiCf, 2. — limb-bud (No. 18) (g.) 16 hours after inoculations into the subcutaneous tissue 
of a post-embryonic chick. The host tissue is somewhat inflamed and the scar (b.cL) 
where the implant was inserted is Yisible. . (NS, — Figs. 2, 7 and 9 are drawn to the 
same scale.) (Haem. Eos.) 

Fia. 3. — M^nehyme of graft No. 18, as seen under high power. Note mitosis (anaphase . 
and prophase) and infiltration of granular cells (gr,). (Hgem. Eos.) 

Fig. 4. — Devdoping ectodermal cord in graft No. 18. (Haem. Eos.) 

Plate 6. 

Kcg. 5. — Epithelioid cartilage from graft (No. 26) of two days’ growth. Note the mitotic 
figures (metaphase and propha-se) and the narrow intercellular partitions of matrix 
(Mallory’s stain.) 

Fig. 6. — Epitheliai islet from graft (No. 7) of 6 days’ growth, show'ing formation of cavity 
and active cell divMon. (Iron Haem. Van Gies.) 

Fig. 7. — Graft (No. 7) of 6 days’ growth. Nodules of cartilage and epithelial tubules 
(tpS,) are present. Of. fig. 1, which represents the corresponding bud from the 
opposite side of the same embryo. (Mallory’s stain.) 

Fig. 8. — Nodule of cartilage from 10 days’ old graft (No. 5) from the same embryo, showing 
the •toee cellular zones : zone of hypertrophied cells (zJi.c.), zone of flattened cells 
(3./.C.) and epiphysial region (ep.r.). (Mallory’s Stain.) 
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Plate 7. 

Pig. 9. — Portibii of graft No. 4 of 15 days’ growth. The cartilage shows periosteal [pJ).) 
and endochondral ossification (e.5.) and contains irregular marrow spaces (w-a.). 
The large nodule is encapsuled by a fibrous membrane (/.m.), (Mallory’s stain.) 

Fig. 10. — Diffuse ossification seen in graft No. 5. Note the osseous fibres (o./.) running out 
from the main mass of bone into the surrounding stroma ; several large giant cells 
(gr.c.) are present. (Mallory’s stain.) 

Plate 8. 

Fig. 11. — Autolysis of cartilage in graft No. 5. The matrix is breaking down and in 
places is reduced to globules (gl.). Note the amoeboid form of the liberated chondro- 
blasts, one of which has rounded off and is undergoing mitosis (mf.). (Iron Haem. 
Van Gies.). 

Fig. 12. — Portion of epithelial tubule from graft No. 8 of 15 days’ growth, showing advanced 
stage of degeneration. The cells of the basal layer have fused into large multi- 
nucleated masses of protoplasm (^r.c.), whilst the superficial cells are completely 
keratinised (A). Between the two layers is a mass of granulocytic debris (y./.)« 
(Iron Haem.) 

Plate 9. 

Fig. 13. — Transverse section through posterior trunk region of embryo of 72 hours (No. 29). 
On the right-hand side of the figure is seen a section of the left posterior limb-bud ; 
the right posterior limb-bud has been amputated for explantation in vitro, and is 
shown in fig. 19 after 14 days’ cultivation. {N,B» — Figs. 13, 14, 15, 19, 25 and 26 
are drawn to the same scale.) (Haem. Eosin.) 

Flo. 14. — Anterior limb-bud (No. 37a) after two days’ growth in vitro. Shows elongated 
mass of precartilage (p.c.) dilated blood vessels {h.v,) and terminal ridge of ectoderm 
(r.). (Hsem. Eos.) 

Fig. l5.“Posterior limb-bud (No. 37p) after four days’ cultivation in vitro. The 
specimen here figured is from the same embryo as the explant (No. 37a) represented 
in fig. 14. Note the two nodules of early cartilage (c. 1 and c, 2), showing the “ axial ” 
type of arrangement, the ectodermal sac (ecL), and mass of fibrous tissue 
(Mallory’s Stain.) 

Ftg. 16. — ^Ectoderm from explant No. 35a, showing the formation of loose cords by the 
basal layer (b.s .) ; the superficial stratum (s.s,) is normal. (Hsem. Eos.) 

Plate 10. 

Fig. 17. — Ectoderm from limb-bud (No. 20p) of 10 days’ cultivation showmg the com- 
plex froth-like system of cysts formed by the flattened cells of the superficial 
layer. (Iron Hsem. Van Gies.) * 

Fig. 18. — Cartilage cells from explant of 21 days’ growth. The nucleus of one of the 
cells is in anaphase. (Iron Haem.) 

Plate 11. 

Fig, 19. — ^Right posterior limb-bud (No. 29p) after 14 days’ cultivation. Of, fig. 13^ 
which shows the left posterior (control) limb-bud from the same embryo, and not© the 
extensive differentiation which has taken place in vitro. The cartilage nodules in 
29p show the “axial” form of arrangement. Note the cystic cavity (cy.) dense 
mass of fibrous tissue and keratin (k.), (Iron Haem.) 

Fig. 20. — ^Explant (No. 26p) after 10 days’ cultivation. This culture is firmly embedded 
in the plasma owing to the outwandering (imeontrolied growth) of the connective 
tissue {o,c,t,) ; a single nodule of cartilage is present ; there is no epithelial covenAg. 
(Iron Haem. Van Gies. ) 
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Pla-te 12. 

3?iG. 2L— Portion of 11 days’ culture (No. 20a}. The nodules of cartilage show the 
' axial ” arrangement ; the chondroblasts of nodule c. 2 are hypertrophied. Note 
the thick, fibrous perichondrium (pch.} and epithelial tubules {epX). (Mallory’s 
stain.) 

Pig. 22.— An epithelial cell-nest from explant No. 23a. (Iron Hsem. Van Gies.) 

Pig. 23.— Ectodermal epithelium from culture No. 25a of 13 days’ growth showing thick 
layer of keratin (^.). (Mallory’s stain.) 

Pig. 24.-— Stroma from explant (No. 33 p) of 22 days’ cultivation showing dense network 
of fine white fibres. (Mallory’s stain.) 

Plate 13. 

Pig. 25, — ^Early cyst-formation owing (probably) to extreme dilation of blood vessels in 
a culture (No. 2a) of 3 days’ growth in medium 1. Note the terminal ridge of the 
thickened ectoderm (r.). (Iron Hsem.) 

Peg. 26. — ^Portion of largest cyst obtained (No. 9 p) ; about bah the section is shown in 
this figure. {Of. fig. 13, drawn to the same scale.) Two nodules of cartilage (c.) 
are present in one of which is embedded a small piece of cork (ch). This explant 
was cultivated for 20 days in medium 1. (Mallory’s stain.) 


The Meiotio Phase in Certain Mamrmds. 

By G. E. Walker, D.Sc., Department of Cytology, University of Liverpool, 
(Cominunicated by J. B, Parmer, P.R.S. — Received December 23, 1925.) 

(Plates 14-10.) 

Cytological literature is very voluminous and is scattered in many journals 
of varying importance published in. different languages. It may be, therefore, 
that the resemblance between certain stages of the early telophase of cell 
' division in some cells and the stages in the 1st Meiotic Division, very commonly 
known as synaptic,’’ has been recorded on several occasions. I have, how- 
ever, only found one definite reference to this similarity (Blackman, 1903). 

If the observations recorded here and my interpretation of them* are correct, 
this similarity should be of usual occurrence. That the daughter chromo- 
some of a somatic division frequently show longitudinal fission has, as I have 
pointed out on a previous occasion, been observed frequently. (Walker, 1925.) 
Me mming called it “ precocious longitudinal division ” as long ago as 1891.* 

Ae<M>rding to the observations here recorded, the chromosomes massed 

* Por farther references see Walker. C. E., ‘ Roy. Soc. Proc.,’ B, vol. 98 (1925). 
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together in the early telophase, gradually elongate, split longitudinally, and 
grow thinner, filling the daughter nucleus, when it is formed, with fine threads 
distributed irregularly throughout its interior, two threads being derived from 
each chromosome. These fine threads begin as processes from the daughter 
chromosomes, so that the general appearance at certain stages is that of more 
or less irregular elongated masses of chromatin collected together, from which 
fine threads, having the appearance of loops, wander through the cell. Before 
this appearance is lost, the nuclear membrane is formed. Not only is there 
a close resemblance in general appearance between this condition and that 
of synapsis, but I believe my observations show that synapsis is simply a 
reversal, with something added, of what happens in the somatic telophase. 

The observations here described were carried out on material obtained from 
guinea-pigs, rats, mice, rabbits, and a monkey (Cercopithecm Sp. ?). The 
changes taking place in the cells of these different animals are very similar, 
and I have taken those of the guinea-pig for illustration. While no pretence 
is made to show all the details of differences found in the various animals used, 
I have given some illustrations also from all of them, more particularly when 
they differ most from similar stages in the guinea-pig. 

As the object of my observations was the elucidation of the process of reduc- 
tion in the number of chromosomes, and their distribution, I have carried 
them no further than the telophase of the 1st Meiotic division. In dealing 
with the Meiotic process in Triton (Walker, 1925) my observations began 
*with the telophase of the somatic division. I follow the same plan here. 
I adhere to the same nomenclature, taken from Miss Digby (1919). A thrmi 
is the longitudinal half of an entire imivalent spireme or chromosome ; a 
jUamer^ is an entire univalent spireme or chromosome produced by the lateral 
association of two threads. 

The Somatic Division. 

The longitudinal split at the earliest stage of the telophase in the daughter 
chromosomes in the cells of the mammals investigated is not so marked and 
striking as is the case with Triton, partly on account of their much smaller 
size and more dense packmg together. This splitting may, however, often 
be observed at the ends of the chromosomes (Plate 14, fig. 1). At a very 
early stage, before the nuclear membrane is formed, fine processes may be 
observed proceeding from the chromatin mass formed by the grouped dau^ter 
chromosomes. Very often it is easily seen that the ends of ih^ pmcess^ 
are double and enlarged.. Prom these enku^ed double ends, two fine threads 
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may be traced joining to wbat is apparently tbe main body of a daughter 
chromosome. These enlarged ends are more marked in the rat and mouse 
than in the guinea-pig (figs. 2-5). Sometimes a filamenl} has elongated and 
extended a considerable distance from a daughter chromosome before the 
split has begun (fig. 4). This process goes on, the chromosome mass becoming 
more distributed and the arrangement losing its appearance of polarity. 
After the nuclear membrane is fuUy formed it contains a number of not very 
clearly-defined chromatin masses, which apparently represent that part of 
daughter chromosomes which has not yet completely stretched out and split 
into threads. A longitudinal split may often be seen in these (fig. 7). 

In the tubule of the mammalian testis the cells of the difierent generations 
and aU stages of these generations are frequently mixed up in an apparently 
inextricable confusion. I felt that statements based upon observations made 
only upon material in which Somatic and Meiotic divisions might be lying in 
close proximity, with little but the appearance of the individual cell to indkjate 
what it was precisely, might not be very convincing, so I procured the testes 
of the embryo guinea-pig and of guinea-pigs up to the age of 14 days. At 
about the age of 14 days I found numerous somatic divisions among the early 
spermatogonia. Here there was no risk of confusing cells undergoing sonoiatio 
with those preparing for the 1st Meiotic division. Excepting that these 
spermatogonia are far larger than the spermatocytes entering upon the Meiotic 
phase in the adult tubule, the process during the telophase is similar (fig. 6). 

After the stage described in fig. 7 the apparent remnants of the daughter * 
chromosomes disappear, and eventually the nucleus is filled by fine threads 
irregularly distributed, any parallel arrangement being lost (figs. 8-10). 
Scattered amongst this fine network are a few irregular masses of chromatin 
(fig. 10). This stage I regard as the end of the telophase and the beginning of 
the prophase. The single threads are apparently longitudinal halves of whole 
chromosomes, as is the case in Triton, discussed previously in much greater 
detail (Walker, 1925). 

At this stage (fig. 10) the whole nuclear substance appears to be somewhat 
chromatic. This is followed by a thickening of the threads and growth of the 
cell. As the threads thicken they may be seen to approximate in pairs, and 
at the same time the nuclear substance becomes clearer (fig. 11). It may often 
be seen that the ends of the pairs of threads are thickened and are apparently 
sometimes attached to the nuclear membrane. This pairing goes on (figs. 
12-14) until the nucleus is filled with filaments made up of paired threads 
(fig, 15). The spireme, however, is not continuous, though, as the filaments 
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seem fre(iuently to follow eacli otter in more or less continuous curves, it 
tas somew’tat tte appearance of continuity. The adherence of the enlarged 
ends of the filaments to the nuclear membrane and the discontinuity of the 
spireme has been noted in other organisms (Janssens, 1925). During this 
period, growth of the cell has continued. 

The individual chromosomes separate from each other, the nuclear membrane 
disappears, and the cell passes through the stages of metaphase and anaphase. 
I regard the longitudinal fission of the chromosomes simply as a consummation 
of the split which took place in the filaments in the preceding telophase 
(figs. 16-18). 

The Isi Meiotic Division^ 

The telophase of the preceding division appears, according to my observa- 
tions, to be so inextricably associated with the 1st Meiotic division that I 
have included it in the account of the latter for the sake of greater clarity.' 

The telophase of the last somatic division resembles that of the preceding 
division. The cells arej on the average, a little larger to begin with and the 
threads thicker. The daughter chromosomes begin to elongate and split at 
an earlier stage (fig. 19). The double enlargements at the ends of the filaments 
are more marked, as also is the frequency of their adherence to the nuclear 
membrane (figs. 20 and 21). Again this is more accentuated in the mouse and 
rat than, in the guinea-pig. The same chromatic appearance of the nucleus is 
observed when the prophase is approached, and the same growth of the cell. 
This stage, the end of the last somatic telophase, is, I think, a short one, as 
cells in it are not numerous in any sections I have examined. 

As the prophase 1>egins the threads grow thicker and more distinct, and a 
few may be seen to approximate for short lengths (Plate 15, figs. 26 and 27). 
This continues, and eventually the threads are joined laterally in pairs 
throughout their length, or nearly so. While this lateral approximation is 
going on a certain polarity gradually appears in the nucleus. 

A very striking feature, and one which appears very distinctly at this 
period, is that the filaments formed by the approximation of the threads, where 
whole ones can be traced, are discrete and have masses of chromatin at their 
ends which are adherent to the nuclear membrane. With regard to this point 
I would again refer to the observations of Janssens (1926), who observed 
somewhat similar phenomena in insects. I regard these discrete filaments 
as representing somatic chromosomes (figs. 31, 36 and 36). 

, The appearance of polarity is produced by the gradual migration of the 
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enlarged ends of the filaments to one area of the nuclear membrane (fig. 30). 
In time they all become crowded together there, and the threads are joined 
into complete filaments except at a few points. It may be seen at this period 
that the ends of the filaments are becoming arranged parallel to each other 
(figs. 32 and 33). Eventually the crowding together at the particular area of the 
nucleus becomes so dense that it is difficult or impossible to make out individual 
filaments at this spot. The appearance presents densely packed masses of 
chromatin, often elongated and curved, from which proceed loops. Sometimes 
these loops end at a distant part of the nuclear membrane in an enlarged end, 
but more often both ends enter into the chromatin mass (fig. 34). 

At this period there begins a stage of very rapid growth. This contraction 
of the filaments apparently lasts some time, or is a very slow process, as a 
great many cells in this condition can generally be seen in any properly preserved 
section of the testis. It is apparently more rapid in the mouse and rat than in 
the guinea-pig. While the threads forming the filaments have generally joined 
in almost any cell, both at this stage and a little later, it can be seen that the 
lateral union is incomplete at certain points in some filaments, particularly 
at the centre of the loop. Also the masses of chromatin at the ends of the loops 
are frequently double (figs. 30-33). 

The contraction is followed by a gradual loosening and loss of polarity (figs. 
35-37). The parallel arrangement towards the ends of the filaments noticed 
at the beginning of synapsis can again be seen (fig. 37), but it is more generally 
distributed and not confined to a particular area as before (figs. 32-36). The 
filaments are, in fact, approximated in pairs laterally,* just as the semivalent 
threads approximated to form univalent filaments. As the approximation 
proceeds, the filaments appear gradually to become more 'diffuse in structure 
and any polarity in the arrangement of the bivalent loops thus formed is absent 
or very slight (Plates 15-16, figs. 38-43). At the same time the nuclear 
substance becomes more chromatic. The enlargement of the ends of the 
filaments continues to exist, and as these ends sometimes appear to remain 
double, the approximated ends of two filaments may occasionally have a 
quadruple appearance (figs. 41 and 43). 

A stage is now reached when the paired filaments which are rather loose in 
structure, but not very intimately joined, begin to condense and become clearly 
defined. At the same time the chromatic appearance of the nucleus gradually 

* This interpretation was facilitated by what I had already observed in Triton at 
the corresponding stage {Walker 1926) where the sequence of events is far more easily seen. 
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disappears (figs. 44-46). While the filaments individually become more and 
more dense in structure, their association in pairs becomes looser, and though 
the ends of the pairs remain adherent to each other the filaments separate 
gradually until they are joined in pairs by their ends only. At the same time 
that the filaments are becoming denser and contracting, the ends lose any sign 
of the quadruple formation which might be traced before. Except on very 
rare occasions all sign of the double structure of the filaments is lost. I have 
seen a few cells in these later stages where the curve of a filament showed the 
two threads of which it was formed, but I think that these cases are exceptional 
in the animals dealt with. On the other hand the double masses of chromatin 
joining the ends of the filaments are larger than at any previous period, and in 
the later stages the double filament loops appear to contract upon them 
(figs. 44-47). As this goes on they contract in length, and finally emerge 
as discrete masses of chromatin of various shapes, arranged irregularly at the 
periphery of the nucleus. These are the bivalent chromosomes of the 1st 
Meiotic division (figs. 48-60). 

In the guinea-pig the chromosomes at the metaphase and anaphase of the 
1st Meiotic division are not well defined and are grouped very closely together. 
In the rat and mouse they ai^ more sharply defined and not so tightly packed 
(figs. 51 and 52). 

The longitudinal splitting of the daughter chromosomes of the 1st Meiotic 
division appears very early in the telophase (fig. 53), and the sequence of events 
is similar to that of the two preceding telophases. The cells are much smaller 
(figs. 64-57). I do not think there is any material difference of opinion as 
to the longitudinal splitting of the chromosomes in the 2nd Meiotic division. 

I believe that as the longitudinal division of the daughter chromosomes 
during the telophase is the precursor of and is consummated in the anaphase 
of the following somatic division ; so the longitudinal division of the daughter 
chromosomes into semi valent threads in the telophase of the last somatic 
division is the precursor of and is consummated only at the 2nd Meiotic division, 
constituting a unique phenomenon which provides for the distribution of whole 
chromosomes instead of longitudinal halves, during, and as the result of, the 
Isf Meiotic division. 

Apart from the longitudinal split of the daughter chromosomes, the separa- 
tion of each into two semivalent threads, and the subsequent reunion of these 
threads into univalent filaments, my observations agree in the main with those 
of many other investigators. Bouin (1925) describes the daughter chromo- 
somes as lengthening {s'allongent) until the nucleus is filled by a mass of delicate 
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fflaments whicli are not orientated. He describes tbe ends as remaining 
thicker and being bent inwards producing orientation {bouquet oriente). He 
describes a lateral conjugation of the threads and a subsequent separation. 
Janssens (1926) in a very exhaustive contribution on this process in insects 
(also touching upon some other organisms), does not deal with the telophase 
at great length. He does not observe a longitudinal division of the daughter 
chromosomes, but some of his figures appear to me as though they might possibly 
bear that interpretation- 

Many authors have described the filaments in many different organisms 
which I believe to be the univalent filaments formed by the lateral reunion 
of the semivalent threads, as joining laterally, shortening and thickening to 
form the bivalent chromosomes of the 1st Meiotic division. (Janssens, 1901 ; 
Champy, 1913 ; Lerat, 1905 ; Van MoUe, 1907 ; Agar, 1911.) 

Miss Digby (1919) described the separation of the chromosomes into two 
semivalent threads and their subsequent reunion in Osmunda, the general out- 
line of events being very similar to those described here. Dehorhe (1911) 
described a longitudinal separation, but describes quite a different series of 
changes as following. I dealt with these observations at greater length on a 
previous occasion (Walker, 1925), and have seen no further publications since 
having a direct bearing upon the subject. 

Sumrmry, 

Briefly, I believe that what happens in the Meiotic phase in the animals 
dealt with is as follows : — 

The daughter chromosomes elongate and divide longitudinally, filling the 
nucleus with irregularly distributed semivalent threads. During this process 
of unravelling of the chromosomes into semivalent threads, an appearance 
very similar to that seen during synapsis is evident. These threads rejoin 
laterally in pairs forming univalent filaments. These filaments join laterally 
in pairs. They again separate, excepting at their ends which remain joined 
until the 1st Meiotic division takes place. The longitudinal split of the fila- 
ment into semivalent threads reappears at the telophase, and is consummated 
at the 2nd Meiotic division. 


Notes. 

1, As the phenomenon of the separation of the daughter chromosomes or 
filaments into two semivalent threads appears to be of importance, both in the 
somatic and Meiotic divisions, I would suggest the term exeilesis ’’ for the 
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process, derived from a disentangling. I owe the suggestion of 

the term to Sir Ray Lankester. 

2. Some appearances will be observed in certain figures (e.gr., figs. 42, 61, 52, 
53, 54) which suggest the possible presence of accessory chromosomes. I have 
not followed up the investigation of these. 

3. In the early spermatogonia of the embryo shortly before birth, and of the 
very young guinea-pig, an appearance which suggests amitosis is to be observed. 
I have not investigated this appearance in detail, but from what I have seen 
I am inclined to believe that, as I concluded was the case with regard to a 
similar appearance in the testis of Triton (Walker, 1925), amitotic division 
does not take place. As in Triton, pluripolar division figures are found among 
the early spermatogonia. 

4. The Telophase of the Somatic division in Triton bears a very distinct 
resemblance to the Synaptic figures in Mammalia and other organisms where 
it occurs. There is no Synapsis in Triton. The figures in my paper on 
Triton (Walker, 1925) illustrate this resemblance, though I did not appreciate 
the fact when they were published. 
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Meiotio Phase in Certain Mammals. 

DESCRIPTION OE PLATES 14-16. 

All the Figures except where otherwise stated are from the guinea-pig. 

The magnification of the figures varies. The line beside each represents 10 ft. This 
scale was taken with a stage micrometer and the camera lucid a at the same time that 
each cell was drawn. 

Plate 14. 

Fig. 1. — ^Early telophase. Somatic division. 

Fig. 2. — Same later. 

Fig. 3. — Similar stage from rabbit. 

Fig. 4. — Similar stage from mouse. 

Fig. 5. — Similar stage from rat. 

Fig. 6. — Similar stage from spermatogonium of guinea-pig 14 days old. 

Fig. 7-9. — ^Progressive stages of telophase. 

Fig. 10. — ^End of telophase and beginning of prophase. 

Fig. 11. — ^Early prophase, somatic division. 

Figs. 1^16. — ^Progressive stages of same. 

Figs. 17-18. — ^Metaphase. 

Fig, 19. — ^Late anaphase. 

Figs. 20 to 24. — ^Progressive stages of telophase of last somatic division. 

Plate 15. 

Fig. 25. — ^End of telophase and beginning of prophase of 1st Meiotic division. 

Figs. 26 to 28. — ^Pairing of semivalont threads. 

Fig. 29. — Commencement of pairing of univalent filaments and synapsis. 

Fig. 30. — Polarity becoming evident. 

Fig. 31. — ^Polar view of similar stage. 

Figs. 32 to 34. — Completion of synaptic contraction. Filaments parallel in some cells. 
Figs. 35 to 37. — Gradual loss of polarity. 

Fig. 38. — ^Pairs of filaments becoming more diffuse in structure. Nuclear substance 
becoming chromatic. 

Figs- 40 to 43. — ^Progressive diffuseness of paired filaments and chromatisation of nuclear 
substance. 


Plate 16. 

Fig. 42. — ^Prom rat. 

Figs. 44 and 45. — Condensation of filaments wMch begin to separate. Clearing of nuclear 
substance. 

Fig. 46. — Similar stage from monkey {Oercopithecus 8p ?). 

Hg. 47, — ^Further separation and condensation of filaments. Ends of paired filaments 
remain attached. 

Figs, 48 to 50. — ^Formation of chromosomes. 

Fig. 51. — ^Metaphase of 1st Meiotic division in rat. 

Fig. 52. — Ditto in guinea-pig. 

Hgs, 53 to 57. — Telophase of 1st Meiotio division. 
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The Effect of Ins'idin on the Dextrose Consumption of Perfused 

Skeletal Muscle. 


By Charles H. Best.* 

(Commimicated by Dr, H. H. Dale, Sec. E.S. — ^Received December 23, 1925.) 
(From the National Institute for Medical Research, London.) 


Tte experiments of Hepbnm and Latcbford (1), wHcb bave been confirmed 
by Bum and Dale (2), show that insulin accelerates the rate of disappearance of 
dexfefose feom the fl.uid used to perfuse the isolated mammalian heart. Burn and 
Dale also demonstrated that insulin greatly increases the rate of disappearance 
of dextrose from the circulating blood of the decapitated and eviscerated 
oat. Cori, Cori and Goltz (3), working on rabbits, and Lawrence (4) and 
Pemberton and Cunningham (6), from clinical ste(Mes* have reported tibat 
insulin increase the loss of sugar from the blood durir^ its t3^ 

a limb. Pranks No'&naan and Wagner (6) have obtained 
analyses of blood sample drawn dmultaneously from the 


veiny after the motion of fesulin into the femoral artery-- 

injexperimi^ts in Ms laboratory, no mcimsed discre^p^y bttwwi the 
content of the arterial and venous blood was otew^ after .tihe 
adminktmi^n of insulin in normal or diabetic animak. ^ , 


Aftempts to piove ^at insulin causes an increased dkappearaiiceof 
jfaom feid perfused through the isolated limbs of laboratory animals h^^ 
been made by Madleod and hk collaborators (7) and Staub (8). Macleod 
that his experiments were unsatis&ctory because of cedema of the muscles w 
the development of marked resistance to the perfusion. Staub has reper^^ 
experiments in which the rate of sugar disappearance, before after,, 
addition of insulin, from the defihrinated blood used to perfuse the Mni feute ^ 
of the dog, are recorded. In some of Staub’s experiments ii^uMn appeared 
definitely to accelerate the sugar disappearance. Because pf v^ 
dkappearance of sugar from the blood before the addition. 
it k difficult to demonstiate convincingly, by thk tylp ^of e^perimei^^ 
feat the rate of dkappearmi^ k really ac^lerated by , 

Since an efficient perfusion apparatus, % which thevperiW^ 
lated contmnously was available in thk lateratory, it was w#rfe while 

to attempt to obtain more oonvinciiig evi^nce of efifet on fee 

* Fellow of tbe International Becitfe i 
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disappearance of sugar from fluid perfused through a skeletal muscle prepara.- 
tion. In the experiments reported in this paper defibrinated blood was 
perfused through the vessels of the hind limbs of the cat. 

Methods, 

The sugar concentration of the blood was prevented from falling rapidly 
in the preliminary period by the addition of dextrose at a known rate. When 
Tr>Rn1iTi was added to the blood, the rate of this artificial addition of dextrose 
was usually increased, so as to mitigate the fall produced by insulin. Full 
particulars of the perfusion apparatus used in these experiments are given in a 
recent publication by Burn and Dale (9) . The following procedure by which the 
tissue was set up for perfusion is si m ilar to that described by these investigators. 
The anaesthetised cat was bled from the aorta. About 50 c.c. of saline were run 
in through the jugular vein during the bleeding. After the death of the animal 
mass ligatures were applied at the level of the upper lumbar vertebrae. The hind 
quarters were then separated from the rest of the body by a transection just 
above the mass ligatures, and the spinal canal was firmly plugged with plasti- 
cine. Cannulse were placed in the aorta and the vena cava, and connections 
with the arterial and venous blood tubes of the perfusion apparatus were made. 

In many of the experiments it was necessary to use the blood from two cats, 
since the perfusion apparatus was constructed for a volume of 225 c.c. The 
blood was defibrinated by whipping and was then filtered through cotton-wool. 
The blood flow through the limbs was kept as nearly constant as possible through- 
out the experiment. The burette of the slow infusion apparatus described by 
Bum and Dale (2) was connected by rubber tubing with a small glass tube, 
which was fitted in a hole bored in the top of the oxygenating chamber, so that 
4 per cent, dextrose was added at a known rate to the blood and completely 
mixed with it during oxygenation. In all the experiments the infusion of 
dextrose was started as soon as the perfusion was properly under way. Blood 
samples were taken every 20 minutes from the reservoir which receives the 
blood from the pump. As much blood as possible was kept in the reservoir 
during the experiment, so that these samples should be fairly representative 
of the whole volume of blood in circulation. The dextrose determinations 
were made by the Shaffer-Hartmann method. IrtRulj n was added to the blood 
by delivering the required quantity, dissolved in 0-25 to 0*5 c.c. of saline, into 
the funnel which receives the blood from the venous cannula. 

The values for the sugar disappearance were calculated from the sugar- 
infusion figures and the change in sugar concentration of the blood. In the 
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calculations the volume was assumed to be the same as the volume of blood 
originally placed in the apparatus. During the experiment the blood was 
concentrated somewhat by evaporation of water during oxygenation and was 
diluted slightly by the fluid in which the sugar was added. The discrepancy 
between the volume of blood recovered from the apparatus, plus the amount 
used for analysis, plus or minus the gain or loss of weight of the perfused tissue 
on the one hand, and the amount of blood originally taken plus the volume of 
sugar solution added on the other hand, is accounted for by evaporation. 
This was tested in some experiments by haemoglobin estimations made at the 
beginning and end of the experiment, the loss of water calculated from these 
accounting satisfactorily for the missing volume. 

Experimental Results. 

The essential details of the experiments are recorded on the graphs. Only 
very brief protocols are therefore submitted. 



Tio. 1. 


Experiment 1 (fig. 1). — ^Weight of tissue perfused was 1248 grams. Volume 
of blood used in perfusion was 220* c.c. Blood samples were taken every 
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20 minutes. The blood-sugar values were 0-210 per cent., 0-212 per cent., 
0-223 per cent., 0-223 per cent, (insulin 10 units), 0-220 per cent., 0-188 per 
cent., 0-168 per cent., 0-161 per cent., 0-146 per cent., 0-132 per cent., 0-119 
per cent. The sugar infusion, as shown in fig. 1, was increased when inanlin 
was added. At the end of the experiment 126 c.c. of blood were recovered 
from the apparatus. The perfused tissue increased in weight by 52 grams. 
34 c.c. of blood had been taken during the experiment for analysis. 41 c.c. 
of 4 per cent, sugar solution were added to the blood during the experi- 
ment. Eate of blood flow before insulin, 2080 c.c. per hour ; rate of blood- 
flow in first hour after insulin, 2307 c.c. per hour. Temperature was 
37-38° C. 

Gcdeidation shows that in the hour before insulin 376 milligrams of sugar 
disappeared, while in the first hour after insulin the disappearance was 643 
m'dligrams. 


Experi/mount 2 (fig. 2). — Weight of tissue perfused was 652 grams. The 
volume of the blood used was 270 c.c. The sugar in the blood was estimated 
every 20 minutes. The values were as follows : at the beginning, 0-178 per 
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cent., 0*174 per cent., 0*183 per cent., 0*178 per cent, (insulin 15 units), 
0*178 per cent., 0*196 per cent., 0*221 per cent., 0*219 per cent., 0*229 per 
cent., 0*224 per cent., 0*197 per cent., 0*210 per cent. Volume of blood 
recovered at tbe end of the experiment was 230 c.c. Samples accounted for 
26 c.c. Weight of tissue at end of experiment was 642 grams. 47*6 c.c. of 
sugar solution were added. Kate of blood flow before insulin, 2352 c.c. per 
hour ; rate of blood-flow in first hour after insulin, 2122 c.c. per hour. Tem- 
perature, 37-38° C. 

In the hour before insulin was added to the blood 324 mg. of sugar disappeared. 
After insulin 620 mg. per hour disappeared. 

Experiment 3 (fig. 3). — ^Weight of tissue perfused was 782 grams. 260 c.c. 
of defibrinated blood were used in the perfusion. The sugar values, determined 



at 20-minute intervals throughout the experiment, were 0*221 per cent., 0*238 
percent., 0*224 per cent., 0*232 per cent., 0*215 per cent, (insulin 15 units), 
0*210 per cent., 0*173 per cent., 0*133 per cent., 0*118 per cent., 0*080 per 
cent., 0*070 per cent., 0*060 per cent., 0*062 per cent. 150 c.c. of blood 
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were recovered from the apparatus (samples accounted for 36 c.c.). 29 c.c. 
of 4 per cent, sugar solution were infused. Weight of tissue at end of experi- 
ment was 835 grams. Bate of blood flow before insulin, 2396 c.c. per hour ; 
rate of blood-flow in the first hour after inanb'n, 2374 c.c. per hour. , 

Svgar d/isa(p]pearan£e before insulm was 325- 6 mg. jper hour. In the first 
hmr after insulin the disappearance urn 530 mg. 

Expermeni 4. — ^Weight of tissue perfused was 906 grams. Volume of blood 
need m the perfusion was 250 c.c. Sugar was infused at the rate of 4-8 mg. 
per minute. The sugar concentration of the blood remained steady at 0-20 
per cent, for the first three 20-minute intervals. The sugar infusion was then, 
stopped and the tissue was eliminated from the circulation. The sugar deter- 
minations for the next four 20-minute periods were 0-20 per cent., 0^20 per 
cent., 0 -20 per cent., 0-19 per cent. Fifteen units of insulin were then added 
to the circulating blood. The next three sugar values were 0-19 per cent., 
0 • 18 per cent., 0 • 18 per cent. Blood recovered from the apparatus was 160 c.c. 
Weight of tissue at end of experiment was 932 grams. 8 • 5 c.c. of sugar solution 
were infused. 28 c.c. of blood were used for sampling. 

This experiment shows that there is little or no disappearance of sugar from the 
blood, either before or after the addition of msulim, when the tissue is eliminated 
from the circulation, 

Esperiment 5 (fig. 4).— Weight of tissue perfused was 1212 grams. Volume 
of blood was 220 c.c. The blood sugar was determined at twenty minute 
intervals. The first three values were 0-220 per cent., 0-210 per cent., 0-204 
per cent. 15 units of insulin were then added. The next three sugar values 
were 0-169 per cent., 0-124 per cent., 0-083 per cent. The sugar infusion was 
then stopped, and the tissue was eliminated from the circulation. The next 
four sugar values were 0-092 per cent., 0-087 per cent., 0-080 per cent., 0-076 
^r cent. The slight rise in sugar concentration was probably due to the fact 
that the -last bit of infused sugar was not mixed with the blood at the time the 
0 -083 per cent, sample was taken. Bate of blood flow before insulin 2280 c.c. 
per hour. Bate of blood flow after insulin 2800 c.e. per hour. One hour and 
40 ^utes after the beginning of the experiment the perfusion through the 
limbs and the addition of sugar were stopped. The warm blood was pumped 

ough the apparatus during the remainder of the experiment. Temperature 
throughout experiment was 37-38° C. 
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This experiment is the savm as the preceding , except that insulin was added 
before the tissue was excluded from the circulation. The results are the same 
as in Experiment L 



Discussion. 

Bum and Dale used a preparation consisting of heart, lungs, skeleton, skin 
and muscles. They showed that removal of the skin did not affect the result. 
In the experiments here described, the heart and lungs have been replaced by 
a mechanical system, so that it is safe to attribute the effects observed chiefly, 
if not entirely, to the metabolic activity of the skeletal muscles. Under 
these conditions, the rate of sugar disappearance from the blood is very rapid, 
even before the addition of insulin. It is much more rapid, per gram of 
muscle, than that from the blood of the decapitated and eviscerated cat before 
insulin is administered. The extent to which the liver, although cut off from 
direct circulation, contributes sugar by diffusion to the eviscerated preparation 
is not known. Slightly more ^ugar, therefore, than would appear from the 
determinations may disappear from the blood of Burn and Dale’s preparation. 
On the other hand, the sugar disappearance before insulin in the experiments 
reported in this paper might be slower if loss of OO2 from the blood were 
prevented. Glycolysis by the blood itself, however, is insignificant in the 
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defibrinated blood which has passed through cotton-wool, and plays no 
appreciable part in the observed disappearance of the sugar. In all the 
experiments carried out in this investigation, the acceleration of sugar dis- 
appearance after the addition of insulin was perfectly definite. 

Summary. 

Insulin greatly accelerates the rate of sugar disappearance from defibrinated 
blood used to perfuse the isolated limbs of the cat. The action is attributable 
to effect on the metabolism of the skeletal muscles. 

The author gratefully acknowledges the kindly criticism and help of Dr. H. H. 
Dale in the planning and execution of the experiments reported in this paper. 
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Iritroduction, 

In previous communications on this subject (20, 21, 22) we described tbe 
results obtained when coloured indicators of known physico-chemical 
properties were injected into individual living cells. Using a modification of 
the micromanipulator of Chambers (4), we have worked with various uni- 
cellular protozoa and egg-cells, and have been able to draw definite con- 
clusions as to the average hydrogen-ion concentration and the average 
oxidation-reduction potential of the cell interior. Our first communication 
dealt with the amoeba, and we showed that its internal was probably in 
the neighbourhood of 7 * 6, while ils internal rH (oxidation-reduction potential, 5) 
was between 17 and 19. Both values are near neutrality, so that this cell 
could be said to be slightly alkaline and slightly on the electronegative or 
reducing side of oxidation-reduction neutrality. 
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We next extended our investigation to several types of marine egg-cells 
before and after fertilisation, and during the early cleavage stages. The changes 
which the internal yH and rH undergo during these ontogenetic events are very 
small indeed, and the phylogenetic differences, for example, as between the 
ovum of the polychsete worm and liiat of the starfish are correspondingly 
slight. The egg-cell, then, appeared to have a pS. of about 6-6 and an rH 
of the order of 21 or 22. It was therefore a little on the acid side of acid- 
base neutrality and a little on the electropositive side of oxidation-reduction 
neutrality, differing on both these counts from the amoeba. The amoeba, 
therefore, has a higher intensity of reduction than the egg-celL 

At the conclusion of our last paper we wrote : — Mansfield Clark (6) has 
su^ested that some micro-organisms may have an rH of slightly less than 0. 
We propose next to investigate the effect of anaerobiosis, in the hope that the 
fi xing of the physiological range of rH may lead to clearer ideas as to the 
extent of the alteration likely to take place in the individual.’’ The present 
paper is for the most part a report of our results in this matter of anaerobiosis. 
We have investigated the internal rH of Ammba proteus in atmospheres of 
pure oxygen and pure hydrogen, and we have determined the internal rH of 
Nyciotherus cordiformis, an anaerobic ciliate, parasitic in the frog’s intestine, 
under both aerobic and anaerobic conditions. We also describe some further 
work on the injection of completely reduced indicator into Amceha proteus 
and a few experiments on Opalina ranarum. 

Technique. 

The yH indicators were those in ordinary use, and of the rH indicators it 
need only be said that they lie in order on the oxidation-reduction scale, so 
that by seeing which of them is oxidised or reduced in a given cell deductions 
may be drawn as to the relative position of the cell on the scale. For the 
sake of convenience we give them all in Table I, which shows their electrode 
and oxidation-reduction potentials at pH 7-0 and 50 per cent, reduction. 
For the concentration in which the dyes were used, and for other details of 
technique relating to them, reference may be made to our preceding paper (20). 
As regards the protein error of these rH indicators, no data are as yet 
available ; when they are obtained, it will probably be necessary to apply 
corrections to the data given in this paper. 

We do not find it possible to obtain pH values by this method more accurately 
than ±0-1 unit pH. This is not the fault of the comparator methods we 
use, but is due to the difiSiculty of distinguishing and matching colour in the 
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granular cell-material. The use of a more accurate standard of comparison 
is accordingly superfluous. ±0*1 unit ;pH. corresponds to an error of 5 per 
cent, on the total indicator-range, and only under the very best optical 
conditions is it possible to attain to an error as low as 1 per cent, (for intensity 
changes see 15, for tint changes see 16 and 28). 


Table I. 


Number of 
reference 

Name. 

At 50 per cent, reduction 
and pH 7-0. 

in this 
paper. 

in volts. 

rH 

(approx.). 

9 

(Oxygen electrode) 

0-ehlorophenolindo phenol 

-}- 0-810 
-f 0-233 
+ 0-219 

41-0 

20-9 

8 

2, 6, dibromophenoiindophenol 

20-3 

7 

O-cresolindophenol 

+ 0-194 

19-7 

6 

O-oresolindo 2, 6, dichlorophenol 

+ 0-181 

19-3 

5 

1-napthol 2-sulphonic a.cid indophenol 

+ 0-123 

17-4 

4 

1-napthol 2>sulphonic acid indo 2, 6, dichlorophenol 

■+ 0-118 

17-2 

3a 

Methylene blue « 

+ 0-026 

14-4 

3 

Indigotine tetrasulphonic acid 

- 0-058 

11-9 

2 

Indigotine trisulphonic acid 

- 0-090 

10-3 

1 

Indigotine disulphonic acid 

- 0-129 

9-2 


(Hydrogen electrode) 

- 0-420 

0-0 


For the injection of the completely reduced dye the apparatus shown in 
fig. 4 of our first paper (I, p. 277) was used. For micro-injection in atmospheres 
of varying oxygen concentrations, however, or under anaerobic conditions, a new 
apparatus was necessary, and we availed ourselves accordingly of an idea of 
Barber’s (2), In his original paper on micromanipulation he suggested that 
for the isolation of anaerobic bacteria it might be useful to bend a micropipette 
in the form of a U so that it would dip under a mercury seal. Although he gave 
a figure of such an apparatus, he does not seem to have ever worked with it, 
and his scheme needed considerable adaptation for our purpose. 

Fig. 1 is an elevation and fig. 2 a general view of it. In each the lettering is 
the same. On an ordinary glass slide A the magnet-shaped iron object B is 
fixed with seccotine. At its rounded end it bears two longitudinal holes 
through which pass the two glass tubes 0 and D, while in the other direction, a 
short distance from the two ends, there are two vertical slits E and F facing 
each other across the intervening space. This piece can be most cheaply 
made in iron and must be lacquered all over with Necolustre ” or some such 
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material before it is fixed to the slide in order to prevent rusting. Then in 
between the limbs of the magnet there is stuck to the glass a low tin trough, G, 
also lacquered, which only rises to half the height of the magnet or slightly less. 
This will contain the mercury to form the seal. The tube D comes to an end as 
soon as it enters the chamber, for it will lead in the gas or gas mixture required. 





The tube 0, however, follows the side of the chamber right along and only ends 
just before reaching the mercury trough. Opposite the opening of the tube 
D there is a tin baffle-plate, H, lacquered, and stuck down with seccotine, so 
that the comers of the chamber may be well swept out by the incoming gas. 
The chamber is stuck rather to one side of the glass slide so that room is left for 
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the clip of tlie imcroscope stage to fix the whole apparatus. Eound the 
bottom of the chamber on its inside there is a rim of parafiBbi wax, K, to ensure 
that if water is spilt or purposely placed on the floor the seccotine will not 
dissolve. 

At L in fig. 1 is shown the micropipette which is held in the micromanipulator 
in the ordinary way, but bends down and up again, so as to dive under the 
mercury in the trough. M is a tin plate which fits down on top of the end of 
the chamber when the micropipette is in place. Its descending part N slides 
downwards in the grooves E and E, and at its inner side it is shaped as shown 
at 0, being bent upwards so as to fit over the glass coverslip. 

The glass coverslip is shown in section at E. It forms a roof for the whole 
chamber and is vaselined down to its sides. The crack which is left at its 
meeting place with M is well vaselined also. Although the construction of the 
pipette win permit of a considerable amount of horizontal movement of the 
micropipette tip, yet the freedom of movement is much more constricted than 
it is in an ordinary moist chamber. A flying coverslip ” is accordingly used. 
The hanging drop T is arranged not on the coverslip E, but on a much smaller 
one S, and this is attached to E by the tension of a very thin film of water 
between them. The position of S can therefore be adjusted before the chamber 
is closed according to the position of the end of the micropipette, and the 
renaming horizontal movements will be much reduced. 

The gases used were passed through several wash-bottles containing water, 
and so, arriving wet at the chamber, did not dry up the hanging drop. 

The amoebse came from the same culture as those us^ before and were 
nourished by the wheat-grain method. As anaerobic cells for injection, the 
most suitable seemed to be some of the parasitic protozoa, and after preliminary 
experiments NyOotherus cordiformis was adopted as the easiest one to work 
with. This parasite is quite common in the large intestine of the frog, Rana 
temporaria, and we found it easy to isolate from that source. A very few 
injections were made into Balantidium entozoony a less common ciliate from the 
same origin, but its small size and rapid movement prevented its selection as 
the principal experimental animal. 

The earlier of our experiments were done on Opalma mnarum, but it was 
abandoned, for it is so difiS.cult to inject. Although it is quite as large as 
amoeba, yet its membrane is so tough and its thickness so small that even 
with the finest micropipettes it is difiSLcult to inject it with continuous success. 
Worst of all, the cytoplasm seems to be so jelly-like and thick that indicators 
will not spread properly in it. They remain in a very localised area corre- 
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aponding to about 12 of the nuclei while the rest of the cell is quite uninfluenced. 
Recent observations of Gatenby and King (11) suggest that Opalina is not 
a ciliate at all, but a colony of flagellates, in which case it is not impossible 
that between the nuclei there may be membranes limiting the spread of the 
dye. iiter injection the organism continues to swim about with the aid of 
its cilia, and in a few moments the injected part drops suddenly out, leaving 
the animal shaped like a ring. This process can be repeated a number of 
times until the animal is quite riddled with holes. 

Nyctotherus, however, was far more satisfactory. Its injection was not 
at all difficult provided a micropipette with a sharp end was used, and its 
size, though only about half that of the amoeba, was yet considerably larger 
than some of the eggs previously studied. One pitfall is noteworthy. If the 
pipette is at aH blunt it does not pierce the membrane but pushes it up in 
front of it until the top and bottom membranes are next to* each other. The 
cell will then retain this shape, and may appear to be injected. As the dye 
in the pocket thus formed will easily diffuse away, the fading may be taken 
for reduction. Luckily, however, there is no doubt at all when a cell is properly 
injected, for the dye runs all over the cell in a characteristic way. The right 
way of injection, then, is to have a gradually increasing pressure in the micro- 
pipette, as it rises into the cell ; this will burst the lower membrane through 
before the pipette tip reaches the membrane at the coverslip. It is important 
that an mjected cell continues to move about as it did before it was injected. 
Its cilia only stop beating when cytolysis is advanced. 

As in our previous experiments, explosions occurred with all the dyes and 
organisms indiscriminately, so that some special type of mechanical injury 
would seem to be responsible. 

There is no doubt that Opalina and Nyctotherus are capable of leading a 
strictiy anaerobic existence for at least a week. The stock of organisms was 
prepared from the contents of a frog’s large intestine by placing them in a 
Centrifuge tube, very well stoppered and provided with a tap. The culture 
was exhausted by means of a Geryk pump and allowed to boil in vacuo for 
10 minutes, after which it was filled with pure hydrogen. This process was 
repeated at intervals for a week, at the end of which time the animals were 
in excellent condition. Ringer solution was used as the fluid in which to 
suspend the animals, and foodstuff in moderate quantity from the large intestine 
was also present. Our experience has been, moreover, that excess of oxygen 
is toxic for these parasitic protozoa. If instead of preserving the culture in 
hydrogen it is left open to the air for a couple of days, it is clearly in bad 
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eondition. The Opalinse are not affected, so soon, bnt the Nyctotherus seem 
more transparent than normally, while some are spontaneously cytolysing. 
Moreover, they are stationary or swim about only very slowly, in contrast to 
those in hydrogen, which are exceedingly active at the end of the week. 

We have succeeded in preparing colour photographs of many of the pheno* 
mena described in this paper. An exposure of 20 seconds was necessary, 
using a 1,000-candle power Edison lamp, Agfa plates, and a Leitz microscope 
camera. 


Amceba proteus. 

(1) Injection of the series of rH Indicators . — ^In the jSrst paper of this series 
we found that No. 5 was partially but not entirely reduced when injected into 
the amoeba. It was obviously a matter of considerable importance to ascertain 
whether all the rH indicators fell into their proper places when brought 
into contact with a living reducing agent. Their order is perfectly definite 
when they are studied away from living matter, but this regularity might not 
extend to the living cell and anomalous results might be obtained. If so, 
if the cell could reduce one indicator while failing to reduce another theoretically 
more easily reducible, it might well be that not all the dyes would be equally 
apjiicable to biological reactions, AH the indicators might not indicate when 

t5ontaot with living matter. 

In our preceding paper we reported the results of micro-injecting all the dyes 
into the egg-cells of a sea-urchin, Parao&nkotm Iwidus. There it was found 
that the order was well kept ; Nos. 1, 2, 3, 4 and 5 were not reduced, while 
Nos. 6, 7, 8 and 9 aU were reduced. But another complete range was desirable, 
and we accordingly injected all the dyes on the scale into the amoeba. 

The results were uniformly satisfactory. Nos. 1, 2, 3 and 4 were aH unaff^ted 
by the cell, and no reduction, even after a considerable time, could be seen. 
No. 5, as previously described, showed a partial reduction, while Nos. 6, 7, 8, 
and 9 were rapidly reduced. Both Nos. 7 and 9 have a physiological pH vitage, 
and it was interesting that our previous conclusions about the internal pH 
of the amoeba were completely confirmed. We had assessed it at pH 7-6. 
No, 7 is red up to pH 8-0 or a little higher, and blue above that point ; in the 
amseba it was distinctly red. No, 9 is red up to pH 6 -75 or so, and blue above 
that point ; in the amoeba it was definitely blue. 

In the account of the few preliminary experiments with methylene blue 
(No. 3a) which we gave in our first paper, it was said that this dye was reduced 
by the amoeba. We have not been able to confirm this observation, although 

2 B 2 
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we have made repeated attempts to do so. The earlier experiments were per- 
formed primarily to test onr injection technique, and it is probable that the dye 
we used was too dilute to allow of proper observation of the colour changes, 
Clark (5) has shown that methylene blue lies on the indicator scale between 
Nos. 3 and 4, so that no reduction in the cell would be expected. On the 
other hand, there is evidence (as we have heard from Prof. Mansfield Clark in 
a private communication) that methylene blue — ^the only basic indicator in 
the series — ^may show special peculiarities in the presence of tissues. 

(2) Injection of an rH Indicator cojnjfletely reduced . — One of the principal 
assumptions which it is necessary to make in applpng the terminology of 
oxidation-reduction to the living cell is that the state of affairs in it is main- 
tained at a definite and reversible equilibrium. For this reason it was very 
important to determine the behaviour of the cell towards completely reduced 
indicators as well as towards completely oxidised ones. If in the cell the reduced 
glutathione is chiefly responsible for the reduction of the injected indicator, then, 
judging from purely in vitro experiments (Dixon and Quastel, 8), we might 
expect to get no oxidation when the completely reduced indicator is micro- 
injected. Again, if there is no well-poised equilibrium, the rH calculated from 
experiments with oxidised dyes and that calculated from experimeniB with 
reduced dyes ought to be different and variable. 

In the first communication we described experiments on this point. We 
injected No. 5 completely reduced into amoebae, and were able to see that from 
a perfectly colourless state a pale pink colour developed. But this change was 
not easy to observe, so that later on, when we* had other indicators and No. 4 
was available, we decided to inject this dye completely reduced. No. 4 is, of 
course, normally quite unreduced by this cell, so that the colour change, if it 
occurred, would be from colourless to deep blue. Actually, it did occur. 
For about five seconds the cell remained uncoloured, but then an unmistakable 
blue tint appeared, which deepened until the cell was as strongly coloured 
as if the completely oxidised dye had been introduced. This change was seen 
in about 30 to 40 amoebse, in nearly all cases by two observers using the Leitz 
double eyepiece, and we were able to obtain a colour photograph of it. 

A number of details are worth mention here. During each experiment a 
strong stream of wet nitrogen or hydrogen was flowing through the chamber. 
With this indicator, staining takes place neither with the oxidised nor with the 
reduced form of the dye, as was ascertained by injecting the drop beside the 
amoeba. Even when punctured under those conditions the dye would not 
enter. 
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In the majority of the experiments the system was so free from dissolved 
oxygen that the hanging drop never went blue, though the amoebse contained 
in it always did so. In some of these cases unwetted gas was passed through 
the moist chamber so that the drop should slowly dry up. Any blue colour 
in it would therefore have been more and more obvious, owing to the concen- 
tration of the drop, but it was never seen. 

In some of the experiments the dye in the drop went blue before the amoeba 
did, but while it was yet faint it was outstripped by the amoeba, which took on 
by degrees a very deep blue colour. In this case it might be said that the water 
of the drop was doing as well as the protoplasm of the cell-interior, but, even so, 
it was quite clear that re-oxidation in the cell was possible, whether or no it was 
due to the external conditions. To say that the osygen dissolved in the 
protoplasm is the factor responsible for the re-oxidation is no criticism of the 
validity of an rS. calculation, for the dissolved oxygen would be only one of 
the factors the sum of which is the equilibrium level of oxidation-reduction 
potential. If it were the chief factor.responsible, then the oxidation of No. 4 
by cells in an atmosphere of nitrogen is aU the more remarkable. 

We consider it true to say, therefore, that the cell can be thought of as 
having a definite, well-poised and characteristic equilibrium, which is reached 
% m indicator either from above, if it is more electropositive than the cell 
sM m injected in the oxidised form, or from below, if it is more eleotro- 
ne^tive tiban the cell and is injected in the reduced form. If the former 
dye was in^ted reduced, it would stay reduced ; if the latter was injected 
oxidised, it would stay oxidised. Living cells can consequently be arranged 
on the same scale as oxidation-reductmn indicators. 

(3) Injection of pH and tH Indioators under Aerobic cmd Anaercim oonc^tiom,— 
To find whether the rH is influenced by the external atmosphere, and if so, 
to what extent, it was decided to try the effect of strict anaerobiosis on the one 
hand and thorough oxygenation on the other. 

With this end in view the airtight chamber described in the section dealing 
with technique was used. The required gas was passed through the chamber 
during the experiment in a rather fast stream (about 1 litre every minute), 
and a rough calculation showed that with such a thin film of water as the 
hanging drop, equilibration would take place in less than a second. Table 
II shows the results that we obtained, and gives also the control deternainations 
of pH. 

They will be seen not to differ in any way from those at normal atmospheres. 
Although very difficult, it would not have been impossible to inject a comjfetely 
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Table II - — Amaba proteus. 


— 

Air. 

Hydrogen. 

Oxygen. 

Colour. 

Kesult. 

Ho. 

done 

! 

Colour. 

1 

1 Result. 

i 

Ho.| 

done 

1 1 

Colour. 

Result. 

Ho. 

done 

! 

pK 1 

Bromthy mol blue 

blue 

>7*5 

14 

1 

blue 

>7*5 

8 

blue 

>7*5 

12 

Pbenolred 


<7*7 

29 

pink 

<7-7 

12 

pink 

<7-7 

9 

rH 

I 









Ho. 4 

ox 

>17 

13 

- 





ox 

>17 

13 

Ho. 5 

partially 

18 

50 

partially 

18 

4 

partially 

18 

18 


red 



red 



red 



Ho. 6 

red 

<19 

21 

red 

<19 

1 10 

1 

red 

<19 

10 


r^iioed indicator under these strict conditions of gas concentration, but we 
did not do so, for tibere seems no reason to suppose ^t the external atmosphere 
should influence the oxidising power of the cell if it does not influence the 
reducing power. 

The fH of the cell-interior seems to he independent of the external oxygen 
coBKsentration. In our first paper we drew attention to various investigations 
in the literature which went to show that in many cases where the circulation 
do® not enter as a limiting factor, the oxygen consumption of the individual 
organism was widely independent of the oxygen concentration of the environ- 
ment. fflnce then further work has been done on these lines, and we have learnt 
of otibier older japers bearing on them. Thunberg (26) found that the larvse 
of Tend)fw rndtior, the meal-worm, were able to preserve their gas exchange 
unaltered within the limits of 100 to 30 per cent, oxygen. Lund (17) found 
great independence on the part of planarian worms, and in a later paper (18) 
on the part of Paramoecium ^dso. Godleffski (12) obtained results showing 
great independence in frog’s egg, but Pamas and Kiasinska (23) have since 
published r®uits which do not confirm this. 

Many i®earch® have brought out data varying with the animal used. 
Hen^e (14) repeated the work of Warburg (30) on sea-urchin and came 
to tibe fx^nclusion that they consumed nmre oxygen the more there was in 
tl^ environment. He considered that Warburg’s eggs had been insufficiently 
shaken. A similar dependence was found for Sijmncidus mulm, a g^ephjnrean 
worm, and for various Anthojzoa. Asphyxia would not explain it, for on 
the oxygen concentration the oxygen utilisation also r®e. Henze made 
^ observation that in one of the varying animals, Sipunculus, the COg 
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production was not raised in high, environmental oxygen concentrationSj though 
the oxygen intake was. Later, Dakin and Dakin (7) found plaice eggs to be 
very dependent. McQendon (19) found similar variability with Casdop^y 
and Amberson, Mayerson, and Scott (1) with Homarus, Idmulm, Nereis^ 
and CaUinedes. 

The in vitro work has, however, all been on the side of independence. Ham- 
burger and Szent-Gyorgy (13) found that washed muscle took up just the same 
amounts of oxygen for oxidising paraphenylenediamine in one atmosphere of 
oxygen as in one-twentieth of an atmosphere of oxygen. Weis (31) found that 
the oxygen uptake of adult guinea-pig diaphragm muscle tissue was identical 
from 100 to 40 per cent, oxygen. 

Thus, in some cases, it seems to be true that living cells take in the same 
amount of oxygen whatever their external concentration may be, while in other 
cases that amount seems to depend directly on the outside conditions. In ihe 
former the semi-permeability of the membrane, or som^ similar factor limiting 
the oxygen uptake, will be a powerful cause tending to keep fe rH constant ; 
and in the latter, if the rH does maintain its constancy, this may result from a 
true poising action, dm to the S-shaped form of the oxidation-rediMition titration 
mnrm, or to a pneral increase of metabolic rate, the same substances being 
oxi&ed, or to some other circumstance. 

Nydotherus cordiformis.' 

(1) Ddmmmidm of die and rH under Aerobic Conditions, — ^These resulls 
are summarised in Table III. Bromthymol blue on injection gave a pum 
green odour which, matched against bufier and dye in micro-test-tub^, 
corresponded to pH 7-1 to 7-2. After 20 to 160 seconds. the green gmdualy 
changed to yellow as cytolysis prooe^ed. Biomeresol-purpie gave a purple 
colour which persisted for a long time. 

As regards the oxidation-reduction indicators, no reducfh>n of Nos, 4 and 5 
could be seen, but No. 6 was clearly decolorised. The cdis us^ for 
injections had been exposed to the air for not more ihan 24lteoum ; ttiey were 
active and appeared to be in good condition. 

(2) Determinaiim of ike pH aM rH nnd&r Amerobie CkmMiom.~T^ 
tecfaniqiie for obtaining anaerobic conditions was exactly tiie same m that 
mod for tire amcebse. The r^ults are. set out in TaUe III. It w31 seen 
that ihe pH is unalter^, but a striking change has tafen |)la<^ in tiie reduction 
intemify. No, 1 now appears to be the only iadisator of tim series nnreducible 
by the orgauBm. It has become more reducing by ptaclicaBy 1© rH units. 
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Table III . — Nyctotherus cordiformis. 



Aerobic Conditions. 

Ana&'obic Conditions. 

! 

, Colour. 

Result. 

No. done. 

Colour. 

Result. 

No. done. 

jpH 

Bromthymol blue 

Bromcresol purple 

green 

purple 

7*1 

>6*6 

25 

12 1 

j 

green 

X>urple 

7-1 

>6-6 

15 

14 

rH 

No, 1 




ox 

> 9 

17 

No. ? 

— 

— 

— I 

partially 

<10 

26 

No. 3 

_ 

_ 

_ 1 

reduced 
red 1 

<11 

20 

No. 4 

ox. 

>18 

18 1 

red 

<17 

33 

No. 5 

ox. 

>19 

12 i 

red 

<18 

31 

No. 6 

red 

<20 

i 



— — 


The rH dyes had remarkably little toxic effect on Nyctotherus, whether 
aerobic or anaerobic. An hour after injection the cells would in some cases 
be observed swimming about as actively as before. 

With the indigotines it was observed that the nucleus remained colourless 
for the first few seconds after the injection of the cell (if the nuclear membrane 
was not pierced) and then gradually took up the dye, so that after a short 
interval a pale blue nucleus in a colourless cell might be seen. With No. 3 
the nucleus soon faded, but with No. 2 hardly at all before cytolysis. This 
passage of dye into the nucleus was, however, certainly not suificient to account 
for the decolorisation seen in the cytoplasm. 

It was foxmd that if the cell was caused to cytolyse by pricking, this would 
be followed by a successive cytolysis of the cells in the immediate neighbour- 
hood. This phenomenon may be compared to that observed recently by 
Drzewina and Bohn (9). in thickly populated cultures of Convoluta roscqffensiSf 
Anihea cereus^ and ParacentTotus lividus eggs, cytolysis appeared to be infectious. 
They showed that this was due to a local production of acid by the cyiolysing 
cell and a resulting cytolysis of its neighbours. In thin cultures the other 
individuals would tend not to be affected. 

Opalim mnarum. 

Nos. 1, 2, 3, 4, and 5 were injected into these cells under anaerobic conditions. 
No. 1 seemed to be particularly toxic for this organism, and the injected part 
was cut off so rapidly that little information could be gained. In the other 
four cases, however, fading was quite definite and often so rapid that reduction, 
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not diffusion, seemed to be tbe only explanation. But as enough dye to colour 
only about one-tenth of the cell could be introduced at any one injection, it 
was impossible to deny that fading might be due to diffusion of this small 
quantity throughout the cell. The dye might then become so dilute as to be 
invisible. No. 5 was injected under aerobic conditions, but here the results 
were very uncertain. Fading took place sometimes, but always slowly, and 
there were other difficulties of interpretation. 

Biscuss^ion. 

One of the most interesting points studied in this work was the effect of the 
external atmosphere, on. the amoeba on the one hand and on Nyctotherus on 
the other hand. The' amoeba, of course, disintegrates if kept in an atmosphere- 
deprived of oxygen (24, 29) for any length of time ; but in an atmosphere of 
hydrogen for 30 minutes its activity is unaffected, and this treatment has no 
effect on ii® reduction intensity. With Nyctotherus — ^and possibly with 
Opalina — a definite difference in reducing power is found between the aerobic 
and anaerobic conditions, but we have not yet ascertained how long an exposure 
to eiiflier of these environments is necessary to establish a definite rH. It seems 
in the facultative anaerobe the oxidation-reduction potential can be 
adjusted to the environment, while in the strict aerobe changes in the environment 
which would lead to such an alteration in the rH bring about death. 

There is another important point which needs discussion. In the case of 
any particular indicator there may be doubt as to whether it does or does not 
function in the absence of a catalyst. It is not possible to micro-inject colloidal 
platinum, so that we have to be content with less direct evidence. As has been 
described, several cases of partial reduction have come to light— -the amoeba 
with No. 5, the e^-cells of Asddia merJLvla with No. 6, Nyctotherus anaerobically 
with No. 2 — ^and in these cases it is clear that the indicator is acting. We 
should then expect the indicators below in the series to be unaffected, whether 
functioning or not, while the indicators above, if functioning, should be reduced. 
Tim is just what is found. With Nyctotherus, moreover, there is evidence that 
the whole series, with the exception of No. 1, is able to function in the cell. 
It seems therefore reasonable to assume for the present that lack of reduction 
in the cells studied is not due to an absence of the necessary catalyst. 

The results described are, of course, based on the average colour of tihie 
whole cytoplasm of the cell, observed under a quarter or a sixth lens. It is 
very likely that small localised areas, if studied closely, would be found to 
show special behaviour ; indeed, in Nyctotherus the nucleus was seen to show 
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certain constant differences from the cytoplasm, as also that of the eggs of 
OpJiiura lacertosa. In other cases we have often noticed grannies and vacuoles 
which showed a different colour or a different depth of colour from the rest 
of the cell. No. 7 in the amoeba is an instance of this, for although the cell 
as a whole was red, some of the vacuoles were always blue, indicating a pR 
higher than 8-0. But great care will be needed to determine whether these 
differences show any constancy, and as the chemical composition of these 
areas is probably highly specialised, it is likely that adsorption, staining, and 
other effects come in, making it impossible to compare their behaviour towards 
the indicators directly with the behaviour of the cytoplasm. 

Finally, mention may be made of recent work in which the oxidation-reduc- 
tion potential was measured of a system not inside the cell, but in a medium 
where the living cell (or an enzyme obtained from it) was present as 
activating agent. Thunberg (27) used an equimolecular mixture of succinic 
and fumaric acids in the presence of succinodehydrogenase, under anaerobic 
conditions ; he found that in these circumstances methylene blue was 
partially decolorised, a definite equilibrium being reached. From the degree 
of reduction of the methylene blue, the of the system was calculatedi 
According to this E^, indigotinemonosulphonic acid shoiild not be reduced, 
and, in fact, it was found not to be. 

Summary. 

1. Oxidation-reduction potential indicators exhibit no anomalies when 
injected into Amoeba proteus. It appears, therefore, that all the dyes at 
present in use on the rH scale may be employed with biological material. 

2. The amoeba is capable of oxidising the leuco-form of indicators of lower 
oxidation-reduction potential than its own. 

3. The rH of the amoeba is probably widely independent of the concentra- 
tion of oxygen in the external atmosphere. 

4. Nyctotherus cordiformis (an anaerobic protozoon) has an internal pR of 
7-1, and an internal rH of 19*0 to 20-0 under aerobic conditions, while under 
anaerobic conditions the latter value changes to rH 9 *5-10 -5. 

The writers’ thanks are due to Prof. Sir F. 6. Hopkins for his constant 
interest and encouragement during this research. 
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The Mechanism of Ciliary Movement — F. The Effect of Ions on 
the Duratimi of Beat. 

By J. Gray, King’s College, Cambridge, 

(Communicated by Prof, Stanley Gardiner, F.R.S. — Received January 19, 1926.) 

In a previous paper (Gray, 1924) it was shown that the whole series of events 
which accompany continuous ciliary movement is divisible into at least three 
phases : (i) A reaction which is sensitive to monovalent cations (particularly 
the hydrogen-ion) ; any interference with this mechanism involves a change in 
the rate of beat of the cilia, and ultimately leads to a corresponding change in 
the oxygen consumption of the cells, (ii) A mechanism which is brought 
into operation by the presence of an activating acid substance, (iii) A reaction 
of an oxidative nature which removes some factor which is the direct result 
of activity and which, if allowed to accumulate, will inhibit the activity of 
the whole ciliary apparatus. The present paper deals primarily with the 
first of these processes. For this purpose the lateral epithelium on the gills 
of MytUusedidis loim a convenient material, since under appropriate conditions 
the cilia of these cells can (for many hours after excision of the gill) either 
be maintained in an active state of movement or be kept quite motionless. 

If the gills of a healthy animal be excised and examined at once under the 
microscope, the lateral cilia are seen to be in active movement, and exhibit a 
very beautiful metachronial rhythm which passes up and down the two sides 
of the gill-filaments. If these gills are now thoroughly washed with sea-water 
the lateral cilia sooner or later come to rest ; the period which elapses before 
quiescence varies considerably with different individuals. It is usually about 
15 mins., but it may be considerably longer in the case of well-fed mussel^ It 
is to be concluded that the amount of available energy in the lateral epithelium 
is usually sufficient to maintain activity in sea-’water for a strictly limited 
period. This is in marked contrast to the frontal epithelium, which remains 
active in sea-water for very long periods ; in this case it may be assumed that 
the supply of energy is still being maintained from the glycoprotein (Gray 1924). 

When the lateral epithelium has exhausted its supply of available energy in 
sea-water, it can be re-activated in three ways (1) by increasing the concen- 
tration of potassium-ions present ; (2) by the presence of veratrin ; (3) by 
increasing the concentration of hydroxyl-ions (Gray, 1924). To these must now 
be added (4) by reducing the concentration of magnesium-ions present. 
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Stress has been laid on the fact that although magnesium plays an important 
role in maintaining the stability of the tissue as a whole, yet the frontal cilia 
of Mytilusm!i\. beat apparently unchanged for very long periods, either in the 
absence of magnesium or in the presence of a great excess (Gtray, 1922). A 
fundamental role of magnesium can, however, be demonstrated in the case 
of the lateral cilia. If gills are placed after excision into magnesium-free sea- 
water these cilia do not stop, but show a marked increase in their rate of beat. 
The cessation of movement which occurs in normal sea-water is primarily due 
to the presence of magnesium. The increased rate of beat which occurs in the 
absence of this metal is rapidly attended by reduction in the amplitude of the 
stroke, a loss of vigour, and often by irregularities in the transmission of the 
waves over the epithelium. On replacing the magnesium two significant 
changes occur (1) within five or ten minutes the rate slows down, the amplitude 
increases, and the rhythm becomes steady, (2) the cilia remain active in sea- 
water for many hours.* Exactly the same phenomena can be produced from 
tissue whose lateral epithelium has come to rest in sea-water. The trans- 
ference of such tissue to any solutions lacking magnesium initiates activity of 
the lateral epithelium. By adding magnesium when rapid activity has set 
in, the speed is reduced, and the cilia remain active for prolonged periods. It 
is obvious that a comparatively short exposure to solutions lacking magnesium 
fai^ produced two changes : (1) it liberates in the cell a supply of available 
energy which lasts for a prolonged period, even when magnesium is afterwards 
present, (2) it quickens the rate at which this energy is e3q>ended by the cilium, 
but this only occurs as long as magnesium is absent. 

It has already been shown that in the presence of magnesium the lateral 
cilia can be activated by adding potassium (Gray, 1922), and there can be no 
doubt that th^e two metals operate on the same point in the mechanism. 
If tissue exhausted in sea-water is re-activated by adding potassium, exactly 
the same phenomena occur as on removal of magnesium. The lateral cilia 
begin to move with an increasing speed, the amplitude falls, and the rhythm 
may become irregular. On replacing in normal sea-water the rate falls rapidly 
and a regular rhythm is sustained for as much as 18 hours. 

The most characteristic feature of potassium is its power of antagonising 
magnesium inhibition. Potassium in itself is not essential for movement, 
because if magnesium is absent the lateral cilia will beat in the absence of 
potassium. 

The presence of 0-04 molecular potassium will maintain the activity of the 
* They will also beat for several hours in M/2 MgCl*. 
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cilia even in the presence of quite high concentrations of magnesium. The 
following table shows the degree of antagonism between the two metals : — 


Solution ; 

HaCl -h 0‘5 Mol. 

CaQa -h 0*005 Mol. 

1 

Cone, of K' required for 
prolonged activity of lateral 
cilia. 

0 

1 

0 

0-01 Mol. 

0*02 Mol. 

0*02 „ 

0*03 „ 

0-04 „ 

0*03 „ 

o*oa „ 

0*04 „ 

0*08 „ 

0*04 „ 

0-10 „ 

0*04 „ 


It may be noted that the power of magnesium to resist the action of potas- 
sium reaches a maximum about the concentration found in sea- water, viz.^ 
0*05 mol., whereas the concentration of potassium which will resist the full 
inhibiting powers of magnesium is about that found in the blood. 

Why potassium should dhBEer so fundamentally from sodium in its antagonism 
to magnesium is unknown. It is, however, parallel to the fact that in the 
presence of excess of potassium, magnesium is unable to stabilise the 
intercellular matrix and prevent the uptake of water by the cells ; whereas if 
potassium is replaced by sodium, magnesium has a well-marked stabilising 
action (Gray, 1922a), It looks as though potassium can eject magnesium 
from some position, whereas sodium cannot do so. 

Neither the action of magnesium nor of potassium is due entirely to the 
specific nature of its ions. Magnesium can only affect the supply of available 
energy when acting on a background of sodium. Thus, lateral activity is. 
maintained for prolonged periods in solutions of non-electrolytes containing 
large quantities of magnesium, and cells exhausted in sea-water become active 
in such solutions. , 

Solution Cone, of Mg ‘ • 

0 0*025 0*05 0*075 0*10 

M. Glycerine 

pH 7 • 8 -j — I — -) — (- 4 — k — [- -| — |- — 1-== normal beat. 

M/2 NaCi „ -j—f- 0 0 0 0 0=inactive. 

This indicates that both sodium and magnesium inhibit the replenishment of 
available energy, although magnesium is by far the more powerful of the two. 

The restraining influence of noagnesium on the speed of the beat is, however, 
exerted even in solutions of non-electrolytes, although its action is definitely 
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limited to maintaining a slow steady rhythm. The only way in which lateral 
or other cilia can rapidly be brought to rest is by adding hydrogen-ions. 

The efiect of veratrin on lateral cells exhausted in the presence of magnesium 
is essentially the same as that of potassium, although the duration of activity 
on removing the veratrin is not usually so long (it is about 30 minutes). If 
the tissue is again exposed to veratrin and replaced in sea water another period 
of activity takes place. 

In respect of both the frontal and lateral cilia there is a marked difierence in 
the properties of magnesium and calcium. The latter metal appears to be 
the only metallic cation which is specifically necessary for the prolonged 
activity of the frontal cilia. In Ca” free sea-water, yH 8-0, these cilia beat 
for several hours, but in slightly more acid water movement ceases fairly 
rapidly (Gray, 1924). Cessation of movement is preceded by a slowing of 
the rate until the cilia eventually become motionless. On adding calcium the 
normal rate of activity is gradually recovered, although in the presence of 
alkalies recovery is very rapid. In the case of the lateral cilia, calcium also 
appears to be essential, although they are less sensitive to its absence. In aU 
the solutions mentioned in this paper calcium has been present in the 
concentrations 6f normal sea water, unless special reference is made to the 
ocmtrary. The type of cessation of movement due to lack of calcium is very 
simHair to that produced by excess of magnesium, and the fact that a lack of 
calcium Oan be compensated for some time by the presence of potassium, 
or by alkali, suggests that calcium is required for the formation of an energy 
reserve from the glycoprotein. Against this view is the fact that stoppage of 
the frontal cilia in lack of calcium involves no reduction in the rate of oxygen 
consumption (Gray, 1924), whereas stoppage of the lateral cilia by the action 
of magnesium involves a reduction in the oxygen consumption. The most 
striking point is, however, that the inhibiting powers of magnesium are not 
shared by calcium. The ;^resence of the latter metal prolongs activity and 
does not influence the rate of beat. In view of the fact that the two metals 
act difierently on the oxidative mechanism, further work is required before 
any closer analysis can be attempted. 

In the absence of both magnesium and calcium the ciliated cells aU absorb 
water by inbibition. . This phenomenon is described elsewhere (Gray, 1^6), 
and is largely due to the fact that the divalent cations exert a strong antagonistic 
effect against the swelling action of hydroxyl-ions. Complete immunity 
from swellmg at pK 8*0 is only effected when sodium, potassium, mag- 
nesium and calcium chlorides are present, as in sea-water. In aU other 
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solutions inbibition can be observed, although it appears very much more 
slowly when magnesium and calcium are present. If tissue, in which the lateral 
cilia have been exhausted in sea water, is transferred to any solution in which 
mbibition occurs, there is always a period before swelling is very obvious 
durmg which the lateral cilia become active. The process of inbibition appears 
to favour the Hberation of a supply of energy in the cells. Since the length 
of the latent period before activity begins appears to be correlated with the 
period which elapses before inbibition is detectible, itappears to be an invariable 
rule that lateral acjtivity precedes the inbibitional swelling of the tissue. 


JJiscusswn. 


The energy which is expended by the cilia of Mytilus appears to be derived 
from some form of glycoprotein (Gray, 1924), but in order that such a substance 
should yield a supply of avadable energy it must first be converted into some 
sunpler derivative, and in-order that continuous ciliary activity may be 
mamtained this degradation of the glycoprotein reserve must also go on 
continuously. The fact that in sea water the lateral cilia normally come to 
r^t afer about 15 minutes receives its simplest explanation on the assumption 
that the store of avadable energy in the cells is only sufficient for a Umited 
pnod of actimty, although a plentiful supply of glycoprotein is stiE present. 
^ s^-water the formation of such a store of available energy is prohibited, 
bi^ by e^smg the tissue for a short time to an absence of magnesium, or to 
0-04 mol. potassium, to hydroxyl, ions, or to veratrin, a rapid formation of 
av^able energy occurs, so that on transference of the tissue to normal sea 
water prolonged activity is maintained. 

Tk. cmfc in tk, fonnnaon of ovoilakU enorgy wkick i. brongkt nkont 
7 IS parallel to its effect In striated musde (Emkden, 1923), and 

m tke Utter ease it can he skom tkat it opeates on the conversion of dycogin. 
mto Wtacdojn Ecpally parallel are tk, antag(,nistio idfect of potLl, 
tke stanAtmg" acton of veratrin. and tke .Sect of those agents which 
produce mbibxtional swelling in the cell. 

tahaps tke mst s^fflcant feature dispUyed by these experiments is tii. 

J^i^. Tke .aecte of magnesium and polassimn on tke Uteral dim 
are eiao% the same as on tke rhythmical contaction of tke isoUted 
of Cos^pe. (^yer, 1906) i while the depressant miton of magnedum 

observations on tke heart of Ike 

pressant eSect of magnosmm observed by Minos was cansed by solntions 
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containing no potassium. It would be of interest to know whether the heart 
of Pecten is less sensitive to magnesium if potassium is present. 

At present the only outstanding difference between cilia and rhythmical 
muscular elements is the fact that in some cases potassium appears to depress 
the latter instead of acting as a stimulant. 

Whilst the duration of a period of activity depends in the long run on the 
amount of available energy, the speed of the beat depends on the rate at 
which this energy is transferred to the contractile mechanism itself. In this 
case hydrogen-ions and magnesium-ions are the dominating influences. At 
the pH of sea-water magnesium exhibits a characteristic power of restraining 
the rate at which the cilia beat. It slows the beat, and thereby maintains it 
at full power and amplitude. 

The various ways in which the lateral cilia of Mytilus can be made to undergo 
a prolonged period of activity suggest that the factor involved is a change 
in the state of some colloidal system on the alkaline side of its isoelectric point. 
The more highly ionised is the glycoprotein the more rapidly will it undergo 
changes in the presence of a suitable enzyme, and give rise to supplies of 
available energy. At present, however, there is no evidence that such systems 
display the peculiar characteristics of potassium, so that further speculation 
is hardly profitable. 

It is of considerable significance to note that the experiments described in 
this paper show that the reaction of the cells to such cases as magnesium 
differs, according to whether the ion approaches the cell from the proximal 
surface or not. The distal surface is normally in contact with sea-water, 
and the proximal surface is normally bathed in blood — ^it is only when the 
proximal surface is also bathed with magnesium that the ciliary mechanism is 
affected in the way described. In other words, in the case of the intact 
animal the presence of magnesium in the external medium stabilises the 
intercellular matrix {see Gray, 1925) but does not affect the movement of the 
cilia, but the same amount of magnesium in the blood would be sufficient 
to cause arrest of the lateral cilia. 


Summary. 

1. The ciliated cells on the lateral epithelium of Mytilus gills contain a supply 
of available energy sufficient to maintain activity in sea-water for a limited 
period. This supply can be augmented in four different ways : — [a) By 
treatment with veratrin, . (b) increasing the concentration of hydroxyl-ions, 
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(c) increasing the concentration of potassinna, (d) decreasing the concentration 
of magnesium. 

2. In the presence of sea water containing the normal concentration of 
sodium, potassium and calcium the presence of magnesium prevents the 
augmentation of the available supply of energy. Potassium exerts a strong 
antagonistic action to magnesium. 

3. Magnesium controls the rate at which the lateral cilia beat, as well as 
the duration of their activity. The presence of naagnesium is characterised 
by a powerful and steady beat with very regular metachronial rhythm. 
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The Influence of Muscle Work on Metabolism in Varying 
Conditions of Diet. 

By E. P, Cathcaet, F.E.S., and W. A. Burnett (late Lawrence Student), 
Institute of Physiology, Glasgow University. 

(Eeceived January 16, 1926.) 


One of the most widespread of common beliefs is that when hard muscular 
work is to be done an abundant supply of protein in the diet is desirable, if not, 
indeed, necessary. ^Jjtds belief has beenmost energetically combated from various 
points of view. It has been held by many that, although muscle is admittedly 
largely composed of protein and other nitrogen-containing materials, in the 
course of muscle work these substances do not participate in any way and hence 
there is no necessity to make good a store that is not depleted. * Others, like 
Chittenden (1) and BGndhede (2), attack the belief on what might almost be 
called social grounds. Both of these workers dissent from even the commonly 
accepted standards of protein intake, advocating an intake on a much lower 
Ifvel, on the ground that low protein intake conduces to health and happiness. 

the chill of scientific argument on the one hand, and the warmth of a 
fervent belief on the other, the man in the street consistently refuses to accept 
the dicta of either party. And the interesting fact emerges from the study of 
investigations like those of McCay (3) that there does seem to be some connection 
between race virility and racial dietetic habits. Campbell (4) in his work at 
Singapore confirmed the more comprehensive work of McCay, viz., that the 
more virile peoples are large consumers of protein. 


Whether or no it was based on the actual needs of the soldiers, the dietaries 


of the various allied armies, as regards their protein content, followed more or 
less closely the results of the experimental investigations of the food require- 
ments of soldiers engaged in marching carried out by Melville and hk oo* 
workers (5). These investigators used two diets, one containing per day 
190 grams of protein, of which 100 grams was in the form of corned beef and 
75 grams in the bisoxdt consumed, and the other contained 145 grams, supplied 
mainly in the form of fresh meat and bread. MelviUe stated that in his opinion 
the 190 grams allowance was ample, if not over generous, but tiiat the 146 
gram diet was as low as it is advisable to go and mi^t wdl be increased, 
especially when hard work is demanded of men rmder conditions of exposure,’* 
VOL. xcix.— B. 2 Or 
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Eubner (6), in one of bis contributions to tbe general problem of dietetics, 
when discussing tbe Voit standard of 118 grams of protein, admitted that 
altbougb be thought this allowance gave an excess of protein in tbe average 
diet, yet it might be considered a factor of safety, and maintained that this 
standard should be adopted when fixed general diets bad to be constructed. 

Of course it must not be forgotten in tbe consideration of such work as this, 
that protein may be of importance in tbe dietary, not merely on account of 
its highly specialized content of nitrogen, but also on account of its very high 
specific dynamic action. Now, whatever other function this special metabolic 
stimulating capacity of protein has, we have no right to assume that the extra 
liberation of heat — ^the end result — ^is also the expression of the actual series of 
changes which have resulted from the ingestion of protein. We can ask, but 
we cannot answer, the question as to the antecedent phenomena which eventu- 
ally lead to an excess liberation of energy in the form of non-utilizable heat. 
Here, as elsewhere, heat is simply the final degradation product in the chain 
of metabolic events. It is possible, indeed it is highly probable, that the specific 
dynamic action exercised in so marked a degree by protein, quite apart from 
the useful gain of actual heat for those exposed to peculiarly rapid loss of heat, 
plays a real part in stimulating tissue activities in general. There is the further 
point that the work of Zuntz, Eubner (7) and others appears to furnish good 
evidence that protein on ingestion, for instance in muscle work and in growth, 
does not invariably exhibit its specific dynamic property. 

Lusk (8), who of all modern workers has gone furthest into this question, 
has come to the conclusion that ‘‘ the specific dynamic action of protein 
consists in a specific chemical stimulus of the cellular protoplasm, which is 
independent of the oxidation of tiie material through which the stimulus is 
applied.” We are in agreement with the conclusion of Benedict and Car- 
penter (9) when they stated that “ we are firmly convinced that the excess heat 
produced from the ingestion of protein or carbohydrates, like sugars, may not 
properly be considered as a purely waste process, but that it is far more logical 
to consider it as a general stimulation of all cells in preparation for the drajj^ 
of muscular activity.” 

It is very difficult to obtain any satisfactory evidence which will enable 
us to reach anything like a definite conclusion on this abstruse, but at the 
same time interesting and important, point. There is in our opinion no doubt 
about one fact, viz., that the stimulation of metabolism which results from 
the ingestion of protein does not pass off immediately- The ingestion of 
protein, whether by its specific dynamic action or no, would seem to stimulate 
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definitely intracellular metabolism. The 
clearly : — 

following table 

(10) shows 

Basal Metabolism. 

O 2 intake in 
c.c. per min. 

Cals, per 
sq. metre. 

Mean of aU experiments on subject M. 

242 

39-8 

Ordinary mixed diet 

252 

40-9 

Carbohydrate diet 

210 

35-6 

Fat diet 

212 

35-1 

Protein diet 

274 

44-8 


It mil be noted that tbe basal metabolism as determined when the subject 
was on an ordinary mixed diet agrees very well with the average value deter- 
mined by Du Bois, viz., 39*7 cal. per square metre surface area per hour, 
whereas the value obtained when the subject had been kept on a protein-rich 
diet is 44*8 — a figure well above the average. On the olier hand, the basal 
values determined when the subject lived on a carbohydrate-rich or a fat-rich 
diet are well below the average value. Yet Eubner, Lusk and others hold 
that both carbohydrates and fat have a definite, although perhaps small, specific 
dynamic action. The explanation of the variance may lie in the fact that 
the specific dynamic action exercised by these substances is more evanescent 
in character, or that the enhancement of metabolism, which is found to foUow 
ike ingestion of fat and carbohydrate, is not a true specific dynamic action 
comparable with that induced by the ingestion of protein. Lusk {loc. cit.) has 
recognized this differentiation, and prefers to call the result in the case of fat 
and carbohydrate the metabolism of fat and carbohydrate plethora. He has 
al^ shown in another way that the specific dynamic action of protein differs from 
that of carbohydrate. He noted that i£ the energy utilized in the performance 
of a definite amount of work were determined before and after the ingestion of 
meat protein, it wae found that in the latter case ‘‘ the energy requirement 
for work in the first instance is superimposed upon the metabolism as induced 
by the specific dynamic action of the protein in the second instance. This 
strictiy differentiates between the character of the specific d3namic action of 
protein and glucose.” After the ingestion of glucose in the place of protein in 
work experiments Lusk found that there was no enhancement of cellular 
metabolism upon which the metabolism requisite for muscular effort had to 
be superimposed. 

This evidence apparently indicates that protein plays another important 
r^e, quite apart from the necessary supply of nitrc^eh and sulphur in ihe 

2 a 2 
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various intracellular, metabolic pbenomena. Benedict and bis co-workers (11) 
too, in tbeir study of und^r-nutrition, state that “ one of our unsolved problems 
in tbe research is the relationship between body protein and metabolic level. 
If the lowered general metabolism is due to the absence of protein in the body — 
and evidence points ^strongly towards this — ^we may then argue that, while in 
times of stress the minimum and lower level is justifiable and reasonably safe, 
in times of plenty the optimum is a higher protein level.” 

The problem also requires examination from the catabolic aspect, and the 
influence of muscular work on the output of nitrogen in the urine has on this 
account been repeatedly investigated. The consideration of the literature on 
this subject led Lusk (than whom few are better qualified to judge) to conclude 
that muscle work was without influence either on the qualitative or quanti- 
tative aspects of protein catabolism. It is difficult to understand how Lusk 
reached this very definite conclusion. One of us (E. P. C.), who in connection 
with the experiments about to be described re-read practically all the available 
literature on the subject from 1865 onwards, has come in a recent paper (12) 
to the very definite conclusion that muscular activity does induce quite a 
definite, but usually a small, rise in the output of nitrogen. There is no 
evidence whatsoever that the protein breakdown, as was formerly believed, 
forms the main, or even an important, source of energy for muscular contraction. 

Present Work, 

The whole series of experiments about to be described were carried out on a 
single subject, one of the present authors (W. A. B.). The subject, aged 27 
years, weighed approximately 79 kilos., was 182 cm. high, and had a surface 
area of about 1*99 sq. metres. At the start of the experimental period he 
was in excellent physical condition, and he continued fit throughout. The 
work was all carried out on the hand-lever ergometer (13), on which the subject 
had much previous experimental experience. The scheme of work was uniform 
in all the experiments, with the exception of those on the pure fat diet. The 
subject consumed one of the fixed diets until nitrogen equilibrium was reached ; 
still taking the standard diet, he then performed a given amount of work, 
approximately 25,000 kilogrammetres in an hour, for six successive days \ 
thereafter he continued on the same diet until the base-line nitrogen output 
was again reached, i.e., a pre-work, work, and a post-work experiment was 
carried through on the same fixed diet. The rest of the day the ordinary 
routine laboratory work was done. The work performed on the ergometer 
could not be considered excessive for the subject, although it would be regarded 
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as very hard by the ordinary man, as in the hour’s period the work done was 
equivalent to a fourth of what is generally held to be the average day’s output 
for a labourer. 

The diets tested, although all of approximately equal energy value (calorie 
value), varied markedly in composition. Four diets in all were utilized in the 
eleven experiments of the main series here dealt with. The daily diets were 
as follows : — 

(i) Wholemeal wheat flour (made up in the form of scones, home-baked) 
16 oz., margarine 4 oz., sugar 3 oz., marmalade 2 oz. 

I 

(ii) Wholemeal wheat flour 12-6 oz., cheese 3*5 oz., margarine 3 oz., sugar 
3 oz., marmalade 2 oz. 

(iii) As in (ii) with the addition of 8 gr. of meat extractives. 

(iv) Wholemeal wheat flour 12 oz., lean beef 8 oz., margarine 3 oz., sugar 
3 oz., marmalade 2 oz. 

The approximate caloric value of all these diets is 2,900 calories. Each day, 
in addition to the foodstuffs detailed above, the subject ate either an apple, 
a lemon, or an orange. 

That the diets were ample is clearly shown by the steadiness of the body 
weight throughout the whole series of experiments. At the start of the 
experiments the choice of the amount of food was left to the subject. The 
subject gained steadily from 78*5 kilos, at the start to 80 • 1 kilos, at the end — 
a period of twelve months. There was practically no loss of weight during 
the 6-day work periods, as the following Table I clearly shows : — 


Table I. — ^Body Weight in Kilos, during Work Periods. 


Exps 1 

I. j 



IV. 

1 V. 

VI. 

VII. 

i 

vin. 

XL 

xn. 

Ixin. 

Start 

Y8-5 

79-0 

79-9 


80*7 

81-3 

79*8 

79-9 

79*2 

80-6 

80-6 

End .... ....j 

78-8 ! 

79-8 

79*8 

79*9 


81*2 

79*6 

1 


79*9 


80*1 


Past I. 

Influence of Mmcular Work on the Bistrihylktn of Nitrogen in the Urine. 

As Tables II and III show there is in each experiment a slight rise in the 
output of nitrogen during the work period, and, as has been generally found 
before, this rise is continued into the post-work period. The figures given 
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Table 11. 


State. 

Nitrogen gr. 

Chloride 

gr- 

Total 

Sulphate 

gr. 

Total 

PA 

gr- 

Diet. 

Total. 

Am- 

monia. 

Uric 

Acid. 

Crea- 

tinine. 

Pr.W* 

8-55 

0-374 

0-207 

0-547 



_ 


W 

10-10 

0-499 

0-184 

0-569 

— 

— 

— 

I. 

Po. W 

9-15 

0-529 

0-154 

0*648 

— 

— 

— 


Pr. W 

8-65 

0-482 

0-162 

0-545 

2-90 

2-024 

1-936 


W. 

10-04 

■iBalii 

0-210 

0-676 

3-69 

2-129 

2-173 

I. 

Po. W. 

9-05 

0-447 

0-158 

0-555 

4-83 

2-082 

2-039 


Pr. W 

16-68 

0-755 

0-229 


6-36 

2-728 



W 

19-62 


0-240 


6-94 

2-927 

2-808 

II. 

Po. W 

16-31 


0-206 


6-53 

2-866 

2*848 


Pr. W 

16-87 

0-542 

0-207 


7-86 

2-760 

4-020 


W. 

20-27 

0-785 

0-226 


7-38 

2*989 

3-934 

II. 

Po. W 

16-71 

0-623 

0-201 

B 

8-69 

2-869 

3-652 




0-610 

0-260 

0-613 

6-60 

2-764 

3-787 




0-629 

0-197 

0-671 

6-33 

2-688 

3-816 

III. 


■ mm 

0-636 

0-214 

0-667 

6-69 

2*689 

3-707 


Pr. W 

16-87 

0-552 


0-660 

7-20 

2-606 

3-653 


W 

16-92 

0-602 


0-692 

6-69 

2-536 

3-737 

III. 

Po. W 

16-76 

0-638 


0-677 

6-90 

2-534 

3-670 


Pr. W 

14-41 

0-630 

0-228 


5-70 

2*368 

3-184 


W 

16-14 

0-691 

0-220 


4-46 

2-656 


IV. 

Po. W 

16-41 

0-668 

0-206 


5-36 


2*938 


Pr. W 

14-18 

0-622 

0-206 

0-667 

3-97 

2*641 

3-284 


w 

15-73 

0-618 


0-706 

4-58 

2-741 

3-296 

IV. 

,Po. W 

16-27 

0-591 


0-673 

4-13 

2-848 



Pr. W 

18-48 

0-820 

0-225 

0-604 

9-14 

3*142 

3-556 


W 

20-09 

0-909 

0-220 

0-636 

9-94 

3-258 

3-661 

II. 

Po. W 

20-27 

0-804 

0-209 

0-622 

9-69 

3-234 

3-637 


Pr. W 

17-75 


0-268 


8-09 

2-871 

3-697 


W. 

19-80 


0-271 


9-39 

3-330 

3-687 

III. 

Po. W. 

18*23 

0-658 

0-269 



3-162 

3-448 


Pr.W 

d-14 

0-422 

0-198 


5-29 

2-038 

2-473 


W 

9-90 

0-390 

0-201 


4-92 

2-136 

2-486 

I. 

Po. W. 

8-96 

0-445 

0-154 

Itll 

m 

2*049 

2-244 



* Pr. W. =: Pre Work, W. = Work and Po. W. = Post Work periods. 


for pre-work period are tke average of tke four days preceding work, the 
work period is the average ouipnt of the six days’ work, and that of the 
post-work period the average of the four days after the cessation of work. 
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Series I. 

Series 11. 

Series m. 

Series IV. 

Pre- 

work. 

1 

Work. 

Post- 

work. 

Pre- 
1 work. 

Work. 

Post- 

work. 

Pre- 

work. 

Work. 

Post- 

work. 

Pre- 

work. 

Work. 

Post- 

work. 

Total nitrogen 

8-78 

10*01 1 

9*05 

17*31 

19*96 

17*76 

17*40 

18*23 

17*34 

14*30 

15*44 

16*34 

Ammonia nitrogen .... 

0'426 

0*468 

0*474 

0*706 

0*811 

0*686 

0*656 

0*673 

0*644 

0*626 

0*654 

0*629 

Uric acid nitrogen .... 

0*189 

0*198 

0*155 

0*220 

0*229 

0*205 

0*242 

0*223 

0*229 

0*217 

0*226 

0*227 

Creatinine nitrogen 

0*543 

0*662 

0*552 

0*603 

0*633 

0*620 

0*642 

0*682 

0*669 

0*667 

0*710 

0*679 

Total snlphnr 

0*812 

0*853 

0*826 

1*151 

1*223 

1*194 

1*115 

1*140 

1*118 

0*9996 

1*069 

1*154 

Total PgOg 

2*20 

2*33 

2*14 

3*52 

3*47 

3*38 

3*68 

3*75 

3*61 

3*53 

3*19 

3*25 


The rise in the nitrogen output obtained,* although it is consistently present, 
is not great and can only account for a very small fraction of the total energy 
expended. If the rise in nitrogen output during the work and the excess 
nitrogen output of the post-work period be considered together, the results 
are very interesting. On diets I and II, which differ from one another solely 
in the addition of extra protein in the form of cheese in the case of II, giving 
as a practical result an average nitrogen equilibrium of 8-78 and 17*31 grams 
respectively, there is, as the result of the work, a comparable rise in the output 
of nitrogen in the two sets of experiments. The average ratio of the nitrogen 
intake in I and II is as 1 to 1 *97, and the average excess output is as 1 to 2*07. 

One might assume that here, as in the general law of nitrogen equilibrium, 
there was some direct relationship between the intake and output. This, 
of course, may be the case when conditions remain constant, but, as is shown 
by the third set of experiments, where the diet only differed from that in the 
second set by the daily addition of a snaaU amount of meat extractives, although 
the output of nitrogen in the two pre-periods (ie., of II and III) differed but 
little, yet identical amounts of muscle work led to an increase in the output 
of nitrogen in series HI about a third less than that in series II. Instead 
of 3*10 grams, the average excess output is a little under 1 gram. Again, we 
might assume that the ingestion of the extractives of muscle tissue had led 
either to a diminution in the breakdown of nitrogen-containing tissue or that 
a better retention of nitrogen had taken place. It may be possible that this is 
tile explanation, as Thomas (14), in. Ms work on the biological values of protein. 


* The analyse for total nitrogen were carried out tiiree times by three different 
workers in order to make certain the r^ulis were correct. The differences obtained by 
the three workers in the eleven exp^ments amounted to under 1 per cent. 
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found that although ox flesh has only some 88 per cent, of its nitrogen in the 
form of protein, yet the high biological value of 105 was obtained. Thomas 
stresses this point, maintaining that extractives seem to play an important 
role in the utilization of protein. But it is equally obvious that the nature of 
the extractives present must play a determining part, vide his experiment 
with crab muscle. Eubner (15) and Burgi (16) have also devoted some attention 
to the part played by extractives and are of the opinion that they can be 
retained in the body when conditions are suitable. As a rule, however, the 
nitrogen of the extractives appeared to be rapidly excreted. Thompson (17) 
supported the view that a retention of extractive nitrogen took place. Voltz 
and Baudrexel (18), on the other hand, stated that the addition of meat extract 
to a diet did not bring about any increase in the absorption either of the nitrogen- 
containing or nitrogen-free moieties of the diet. They found, however, that 
either a slight retention or perhaps a prevention of nitrogen loss could occur. 
Our experiments, at any rate two out of the three of the extractive series, 
show that there is quite unmistakably a reduction in the output of nitrogen. 
Psecal nitrogen output variation does not offer any explanation, as we checked 
the possibility of this in one experiment and found that muscle work apparently 
produced little or no alteration in the distribution of nitrogen between faeces- 
and urine, Wilson, working in my (E. P. 0.) laboratory, has found that the 
addition of meat extractives to a nitrogen-free diet seemed to inhibit to some 
extent the catabolism of tissue protein. There was also some evidence of 
retention of the meat extractive nitrogen. 

But if the fourth series be considered, where one might assume, if anywhere, 
as the subject was now on a meat diet, that the full value, if any, of the meat 
extractives as sparers of protein breakdown, or perhaps more correctly of 
bringing about nitrogen retention, would be demonstrated, it is found that 
here the excess output of nitrogen as the result of muscle work is, in relation 
to the average nitrogen intake, the highest of the whole series of experiments. 
In connection with this increased output there is a point of considerable 
interest, because the high average nitrogen output is for the most part due to 
the enhancement of the post-work period figures. The post-work oui^ut is 
in comparison with all the other figures most pronounced. Why, then, iE the 
muscle extractives have, according to the third set of experiments and as 
previous work would indicate, the power of bringing about retention, is there 
no evidence of their capacity here ? It can hardly be that the result obtained 
on the administration of the extractives in free form is due to the alteration 
in water metabolism (retention), presumably due to the salt content. The 
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problem is one of very considerable interest, and is at present being further 
investigated. 

The output of urea was not determined, as it was considered that the total 
nitrogen figure, especially if read in conjunction with the data for ammonia, 
uric acid and creatinine, gave adequate data. A point of some interest here 
is that the definite rise in the post- work nitrogen output of the fourth series 
would seem, arguing from past experience, to be for the most part in the 
form of urea (Shaffer (19), Eocher (20), Dunlop (21) and Campbell (22) ). 

There is little noteworthy in the figures for ammonia output. A slight 
but uniform rise in the output of ammonia nitrogen is found in all four series 
of experiments as the result of muscle work. This is in general agreement 
with previous work. Shaffer (19) and Campbell (22) both noted that work 
exercised but little influence on the output of ammonia. Dunlop (21), on the 
other hand, obtained a rise, and Kocher (20), working with a nitrogen-free 
diet, got, on the contrary, a definite reduction, which persisted even into the 
post-work period. 

When the uric acid figures are considered, it is very evident that, under our 
experimental conditions, muscular work has produced but little alteration in 
the output of uric acid. This was rather unexpected, although the results 
agree with the observations of Shaffer (19). Eakestraw (23), who carried out 
careful examinations of the blood after exercise, found that, both with short 
strenuous exercise and that of a more prolonged type, a small but definite increase 
in the uric acid content took place, an increase which continued for some time 
after the cessation of work. Levine (24), who carried out the examination of 
the blood of Marathon runners before and after the race, also found quite a 
definite rise in the uric acid content. Kocher (20), in his experiments with the 
nitrogen-poor diets, foimd a naarked increase in the output of uric acid in the 
urine as the result of work. Dunlop (21) came to the conclusion that a rise in 
the output of uric acid takes place if the subject at the time of exercise is in 
poor condition, whereas if he is well-trained an actual diminution of output 
may be obtained. Campbell (22) also found a reduction' in the output of uric 
acid in the work periods, both moderate and severe, although, when severe 
work is compared with the period of rest, there would appear to be some rise 
in the total purine output. In a recent paper Hartmaim (25) found that in 
all cases muscle work brought about some reduction in uric-acid output. In 
view of the work of Burian (26) and others, it is hi^y probable, however, 
that the effect of work on purine metabolism is completely masked in ’the 
24-hour sample of urine. 
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As was pertaps to be expected from past experience, muscle work in these 
experiments had no pronounced effect on the output of creatinine, although 
inspection shows that there is a consistent, if slight, increase in the amount 
excreted. Campbell (22) obtained a definite rise in the creatinine output when 
severe work was done, although moderate work he found to be without 
influence. The nature of the diet consumed would seem to influence the output, 
as Kocher (20) got a definite rise in creatinine in both his series of experiments 
on the low-protein diet, although it must be noted that there was also a rise 
in one experiment on a nitrogen-rich diet. Eakestraw (23), in his blood 
examinations, found a slight rise both in the course of his short- and his long- 
work experiments. 

The partial examination of the nitrogen partition in the urine has, then, 
disclosed but little. The outstanding fact is the slight but constant increase 
in the output of total nitrogen, which would seem in the main to be due to 
increase in urea output which results from the performance of muscle work. 

If the increased output of nitrogen which results from the performance of 
muscular work brings about a true increase in the catabolism of protein, then 
there should also be evidence of this catabolism in the output of sulphur. That 
the sulphur output rises pari passu with the nitrogen is very evident from the 
consideration of Tables II and III, and from that of the sulphur-nitrogen ratios, 
Table IV. 


Table IV. — ^Sulphur-Nitrogen Ratios. 
A = of Total Ouputs. 


Series I. 

Series 11. 

Series HE. 

Series IV. 

Pre- 

work. 

Work. 

Post- 

work. 

Pre- 

work. 

Work. 

Post- 

work. 

Pre- 

work. 

Work. 

Post- 

work. 

Pre- 

work. 

Work. 

Post- 

work. 

1 i 

S § 

1 1 

1 i 

1 ^ 

1 1 

1 s> 

g' i 

d bO 

'Oi 2 

U i 

P bO 

'a. 2 

n 


n 

1 s 

W JZf 

1 I 

t 1 

CQ 

& -S 

1 g 

& U 

CQ ^ 

& ■§ 
iS fe 

-P 

s g 

.•§ 

1 J2i 

& 125 

1 : 10-8 

1 : 11‘7 

1 ; 10-95 

1 : 15-0 

1 : 16-3 

1 : 15-0 

1 : 15-6 

1 : 16-0 

1 :15-5 

1 : 14-3 

[1 : 14-6 

11 : 14-2 


B = of Excess Outputs. 


Sulplnir. Nitrogen. 

Solpliur. Nitrogen. 

Sulphur. Nitrogen. 

Sulphur. Nitrogen. 

1 : 27-5 

1 ; 26-7 

1 ; 28-8 

1 : 14-8 
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It is interesting to note that although the intakes of sulphur did not bear the 
same relation to one another as did the total nitrogens in Series I and II, yet 
when the excess outputs, which result from the work, are considered it is 
found that they bear practically the same ratio to one another as did the 
excess output of nitrogen, viz., 1 : 2*13 in the case of sulphur and 1 : 2*07 in 
the case of the nitrogen. 

Further, it will also be observed that, just as is the case with the nitrogen, 
in series III the total excess output of sulphur is the lowest of aU, and, again, 
as occurred m the nitrogen excretion, the output of sulphur in series IV is the 
most pronounced of all, agreeing with the nitrogen output even in bemg definitely 
higher in the post-work period. 

This remarkable parallelism in the outputs of sulphur and nitrogen affords 
very striking evidence that the effect of muscle activity is to increase the 
catabolism of some nitrogen-sulphur-rich tissue, presumably muscle. The only 
difl&culty about accepting muscle as the mother substance is that, with the 
exception of series IV, the sulphur-nitrogen ratios of the excess outputs are 
divergent from that of the average composition of muscle. The sulphur- 
nitrogen ratio of muscle is generally accepted as being about 1 : 14, whereas the 
ratios for the excess outputs in the four series of the present experiments are : — 
series 1, 1 : 27 *6; II, 1 :26*7 ; III, 1 :28*8; IV, 1 : 14*8. In series IV the value 
for the excess output differs but little from the ratio value of the total output. 
In the case of the other three series the excess output values differ very markedly 
from the total values. When the sulphur-nitrogen ratios of the average total 
outputs for the pre-work, work and post-work periods are examined (Table IV}, 
it is seen that they certainly demonstrate that, so far as the ratios are concerned, 
the post-work period values have returned, to all intents and purposes, to 
pre-work value, and that, in each case, as the result of the work there is a small 
but definite fall in the ratio, 

A possible and even probable explanation of the curiously low excess output 
sulphur-nitrogen ratios found is that, simultaneously with the undoubted 
increase in catabolism induced by muscle activity, there is a definite stimulation 
of anabolism. Wilson (27) has produced a certain amount of evidence that 
storage or retention of sulphur in the organism readily takes place, hence, if a 
retention of sulphur results for the purpose of building up new body (muscle) 
tissue, as indubitably occurs in the eutrophy of Virchow (see also Bomstein (28)), 
then the abnormally low ratios of the excess outputs are explicable. The 
sulphur-nitrogen ratios of the excess output in series IV may be regarded as 
substantiating this hypothesis in that, as the protein fed had a sulphur-nitrogen 
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composition suitable either for the repair or the building up of new muscle 
tissue, no preferential retention of sulphur would be required, and hence the 
sulphur-nitrogen ratio of the excess output on the meat diet would retain its 
normal level. 

The outputs of chloride and phosphorus were also followed, but the results are 
too irregular to allow of any interpretation or deductions. This agrees with the 
results obtained by Kaup (32). 


Part II. 

Gaseous Metabolism, 

Throughout the whole series of experiments the influence of the muscle 
work on the gaseous metabolism was also determined. Owing to technical 
difiGiculties it was impossible to carry out the periods of work under strictly 
basal conditions. In order, then, to make our determinations of the net changes 
due to the performance of muscle work reliable, the resting metabolism of the 
subject was determined daily at a definite hour immediately preceding the work 
experiment. The subject took his breakfast between 7 and 7.30 a.m., and about 
10.30 a.m. he lay down on the metabolism bed at complete rest for 30 to 40 
minutes. Immediately after the collection of the resting metabolism samples 
the subject carried out the hour’s work on the ergometer. During the period 
of work which, as already mentioned, was of approximately constant amount 
and at approximately constant rate, three collections of his expired air were 
made after (1) 20-25 minutes, (2) 40 minutes and (3) 55 minutes by means of the 
ordinary Douglas bag, using a mouthpiece. The subject from long experience, 
(months), had no difficulties or discomfort with either breathing or wearing the 
apparatus. During the course of the experiment his respiration and pulse rates 
were observed thrice. The data regarding these physical observations as 
regards the heart and circulation are dealt with in part in a paper by Gillespie, 
Gibson and ^Murray (29). In a certain number of instances observations were 
carried out by means of a rectal thermometer on the course of the body tempera- 
ture, but not in sufficient number to permit of any conclusions being drawn. 

In order to determine the actual net cost of the work performed the resting 
metabolism (per nainute) of the day was deducted from the total metabolism (per 
minute) of the work period. The analyses of the air samples were naturally 
always done in duplicate. 

As regards the resting values for the oxygen intake, the mean for all experi- 
ments was 275*5 c.c. per minute — ^a good average value under qur conditions. 
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When the individual values of the resting oxygen consumption were averaged 
for each series, it will be seen from the following Table V that except for series I 
there is seemingly a rough relation between the level of the protein intake and 
the oxygen consumption. 


Table V. — Eespiratory Quotients and Oxygen Utilization in cubic centimetres 

per minute. 


Series 

Series I, 

Series 11. 

Series III. 

Series IV. 

Best. 

Work. 

Best. 

I Work. 

! 

Best. 

Work. 

Best. 

Work; 

Mean B.Q. 

Mean Oxygen p.m. 

0*86 

270 

0*92 

' 1,041 

0*86 

284 

1 

0*91 

1,073 

0-88 

277 

1 

1*00 

939 

0*85 

271 

[ 

1*00+ 

898 


Average resting oxygen = 275*6 ; average R.Q. resting = 0*863. 


Brief reference may be made here to the alterations which took place in the 
respiratory quotient, both during the rest periods and as the result of work. 
The average E.Q. for all rest periods was 0-863, the averages for the individual 
series, in spite of the differences in the nature of the diet, beiag wonderfully 
close. When the work R.Qs. are considered it will be noted that the four series 
fall into two groups, the meat-free series I and II being lower than series III and 
IV, which contained either meat extractives or meat. All four, however, agree 
in being higher than the resting values. Although others deny that it takes place, 
both Benedict and Cathcart (30), and Douglas and his co-workers (31), have 
previously observed this rise in the R.Q. value as the result of work. Pre- 
sumably it indicates a preferential combustion of carbohydrate. As the subject 
was a weE-trained subject, in the pink of condition and well accustomed to the 
apparatus, it is diJEcult to believe that the result is due to some technical 
(in its broadest sense) flaw. Of the three determinations which were made in 
the course of the period of work it may be said that there was a very distinct 
tendency for the R.Q. of the first determination to be highest. No solution 
*can be offered for the consistently high values of the work periods in series III 
and IV. Benedict and Cathcart (30) obtained high respiratory quotients as 
the result of muscle work even with their subject in the post-absorptive 
condition. See also the work of Furusawa (33). 

The effect of muscle work on the gaseous metabolism is given both in terms 
of oxygen consumption and calories per minute and per kilogrammetre external 
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work done. In view of tke fact tkat tke determination in terms of calories is 
based on tke respiratory quotient, tke magnitude of which is at the mercy of 
the carbon dioxide content of the expired air, and hence is liable to considerable 
error, more stress will be laid, as on the sounder and more reliable base, on the 
consumption of oxygen, especially as in these experiments there never was any 
question of taxing the organism and so upsetting the oxygen balance. Moreover, 
it is contended that the values obtained are approximately true values, in that 
they are based on three separate determinations during the course of the hour’s 
work, the first collection not being made until 20 to 25 minutes after the start 
of work, when it may be assumed, with a highly trained and well practised 
subject, that a state of equilibrium or adjustment to the immediate needs had 
been attained. 

Table YE shows very clearly that the average oxygen intake per minute is 
definitely reduced in the series III and IV, Le., in the series in which meat 
extractives and meat were used. The results as a whole would have been even 
more striking if it had not been for the definite fall in the oxygen consumption 
which took place in the third experiment on the basal diet 1. The only explana- 
tion which can be offered for this very definite discrepancy, and it may be 
remarked that the values obtained in aU the determinations of which the 
averages alone are here given showed very good agreement, is that this experi- 
ment followed immediately on an experiment made with meat extractives. 
Possibly the slightly higher osygen consumption found with diet II as com- 
pared with I is due to the increased content of protein, although, if protein is 
to be considered the sole cause, it is difficult to reconcile with the consistently 
lower utilization of oxygen in diet III with the same, or indeed slightly higher, 
nitrogen intake. 

Naturally the question arises whether these variations in value are to be 
considered significant or not. In order to determine this recourse was had to 
statistical treatment of the data, not, be it stated, with the view of lending 
a fictitious air of accuracy by the parade of a mathematical nicety, but because 
such a method of treatment is at present the only possible avenue of approach. 
The values selected were the standard deviation (SD or a), the constant which 
measures in absolute terms the degree of dispersion of the data, the coefficient 
of variation (CV) which is the expression of the standard deviation as a per- 
centage of the mean and the probable error (PM) of the mean. Finally, in order 
to determine whether the values obtained are significant, i.e., whether the 
differences found point to a real difference existing between the varying 
data obtained, and hence justify the conclusion that the variation is significant 
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and not merely due to ctance, arising from inadequate sampling, the formula 


/ 2 ^2 

0-6745 \/ —4- — , where 0-6745 is a constant, % and ?^ 2 the numbersof ex- 
^ % ^^2 

periments compared, and a the standard deviations of the respective sets of 
experiments, was utilized. It is cnstomary to maintain that any difference 
greater than three or more times the probable error is almost certainly, or 
even certainly, significant. 

Considering the fact that these results are derived from eleven separate 
experiments, each of six days’ duration, spread over a year, totalling some 200 
duplicate analyses, with aH the opportunities of chance variation from innumer- 
able sources, it will be noted that all the values obtained indicate a very 
satisfactory agreement and particularly a close adherence of the subject to the 
detail of the experiment and the elimination of most of the controllable limiting 
factors. But the really important question is whether or no the differences 


Table VII. — Statistical Data. Net Oxygen Utilization per minute in cubic 

centimetres. 



Series I. 

Series II, 

Series III. 

Series IV. 

No. of experiments 



48 

54 

63 

33 

Standard deviation 

.... 

.... 

97*752 

66-900 

51-74 

40*120 

Coefficient of variation 


.... 

9*387 

6-237 

5-514 

4*467 

Probable error of mean 

.... 

.... 

9*517 ! 

• 6-192 

4*794 

4-711 

Arithmetic mean 

.... 


1041-25 

1072*63 

938*58 

898-12 


By lase of formula 0*6745 


A / ~ ratios found are : — 

V % 


II and I 
I and in 
I and IV 
in and IV 


Difference of Probable Error of Ratio. 

Means. Difference of Means 

31-38 11-33 2-77 *. 1 

102-67 10-66 9-63 :1 

143-13 10-62 13-67 : 1 

40*46 6*72 6*02 : 1 


The chances of reaching the same results on mere random sampling : — 

II and I 1 to 15. 

I and m 1 to >55,000,000. 

I and IV Odds infinite. 

ni and IV 1 to 20,324. 


observed are to be regarded as significant. When analysed by means of the 
form-ula given above it will be seen (Table VII) that no significance is to be 
attached, the ratio being less than 3 : 1, to the small difference found between 
the oxygen intakes of series I and II. But taking the worst value from a 
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comparative point of view, tlie lower oxygen intake of series I, for comparison 
with the still lower oxygen intakes of series III and IV, it is obvious that 
there would seem to be real significance between I and III, as the ratio is 
over 9 : 1, and between I and IV, where it rises to over 13 : 1. 

These differences are even more clearly displayed if the still more regular 
series of results obtained by a comparison of the oxygen utilization 
per kilogrammetre of work done is examined. These figures must obviously 
be somewhat less discordant than the simple net oxygen consumption 
results, as they are free from the certain amount of distortion due to the 
unavoidable variations in the amount of external work performed per minute. 
The results of the determination of these values with the appropriate statistical 
analyses are found in Tables VI and VIII. 


Table VIII. — Statistical Data. Net Oxygen Utilization per kilogrammetre. 



Series I. 

Series II. 

Series HI. 

Series IV. 

No. of experiments 



48 

54 

51 

32 

Standard deviation 

.... 

.... 

0*2225 

0*1580 

0*1228 

0*0964 

Coefficient variation 


.... 

9*01 

6*24 

5*64 

4*49 

Probable error of mean 


.... 


0*0145 

0*0116 

0*0116 

Arithmetic mean 


■ 

2*47 

2*53 

1 

1 

2*22 

2*15 


By use of formula 0*6745 a / ^ ratios found are 


n X ^2 



Difference of 
Means. 

Probable Error of 
Difference of Means. 

Ratio. 

n and I 

0*064 

0*026 

2*46 : 1 

I and III 

0*252 

0*024 

10*26 : 1 

I and rV 

0*322 

0*024 

13-14: 1 

m and IV 

Real mean (I and II) 

0*070 

0*016 

4*29 : 1 

and IV 

0*356 

0*017 

20*60: 1 


It will be observed that, naturally, the figures follow the same course as in 
the net utilization and bring out clearly again the consistent fall in the con- 
sumption of oxygen in series III and IV. When they are considered as regards 
their significance, again there would appear to be none between I and II, whereas 
the differences between I and III and I and IV appear to be definitely significant. 
When III and IV are contrasted the ratio is over 4 : 1, therefore possibly signi- 
ficant, and if the mean of I and II taken together be contrasted with that of IV 
the very high ratio of 20"6 : 1 is obtained. Although the number of analyses 
compared is relatively small, in view of the unifonniiy' of the conditions and the 
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accuracy of tlie results, it is considered tliat weight may be laid on the statistical 
treatment and that accordingly it may be concluded that the presence of meat 
or meat extractives in a diet used for the performance of muscular work does 
bring about a material alteration in the oxygen intake. 

Naturally, as the calorie values when determined indirectly must for the most 
part depend on the value of the oxygen intake they, obviously, must follow the 
course of these oxygen values. Table VI shows clearly that, if one desires 
to consider the data in terms of calories, then the cost per kilogrammetre in 
gram calories is definitely lowest on a meat diet. Hence it follows that if 
the work done is considered with regard to its efficiency ” of performance 
(see Table VI) the net eflficiency (effectivity) is highest on the meat and meat 
extractive diets. The efficiencies* (efiectivities), if they are of any real import- 
ance at all, are on the whole fairly constant and would indicate that the 
particular lype of arm movement, a simple to-and-fro one, used in these 
experiments was not a particularly economical one. 

In addition to the foregoing experiments, a number of other experiments 
were carried out, and brief reference will be made here to the two in which 
an exclusively fat diet was used. 

The subject restricted his diet for three daysf to approximately 360 grams 
of olive oil yer diem, taken in three doses. He carried out the routine experi- 
mental work as in the preceding experiments. In the first oil series the amount 
of work done averaged only 136*25 kilogrammetres per minute, but in the 
second it was raised to the usual amount and averaged 429 kgm. per minute. 
The results obtained are summarized in Table IX, 

Again the rise in the respiratory quotient during the work period in both 
experiments is found. The pre-work resting values in both series are typical 
fat-combustion ratios. The work value in series F. II gives a somewhat higher 

* In the Industrial Fatigue Research Board (Medical Research Council) Report, 
No. 29, E. P. 0, suggested that the term efficiency, which has a weU-defined or, according 
to the conditions, a number of well-defined meanings in engineering science, should not be 
applied to the human organism but should be replaced by some such general term as 
effectivity, which would express the results obtained without suggesting that the relations 
are fundamentally thermal in nature. 

f This is the maximum period for an exclusively fat diet which repeated erperiment, 
with several subjects, including both authors, in this laboratory, has shown to be compatible 
with reasonable comfort. After the third day nausea is so extreme that it is impossible to 
ingest the necessary amount of fat. Long experience has taught us that pure olive oil is 
the ^tsiest aud least nauseating fat to take. It is bland and is particularly well utilized 
in the gastro-intestinal canaL The addition of a very small amount of potassium carbonate 
solution permits, if so desired, of emulsification, in order to form a oream-like material. 
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E. I. 


F.IL 


Kilogrammetres per minute 

Average resting R.Q 

Average work B.Q 

Average net oxygen cubic centimetre per minute rest 
Average net oxygen cubic centimetre per minute work 
Average net osygen cubic centimetre per kgm 


136-25 

0-75 

0-81 

268 

367 

2-70 


429-1 

0-75 

0-88 

250 

1,008 

2-35 


Statistical Bata 

Mixed Diet. 

F.I. 

F.n. 

Arithmetic mean, Og per kgm 

2-64 

2-697 

2-349 

S.B. 

0-2664 

0-1908 

0*06725 

Probable error of mean 

0-0861 

0-0525 

0-01512 


value than series F. L, but neither indicates that carbohydrate contributed 
exclusively for the yield of the necessary energy for work. It is always possible, 
of course, that in such experiments, owing to the drastic alteration in inter- 
mediate metabolism, the E.Q. — which, after aU, is but a ratio dependent on 
many and mostly unknown components— may not give a true index of the 
work changes pure and simple. Each work period extended over one hour, 
and three collections of expired air were made and analyzed in duplicate. In 
the first series, as it was thought that the presence of acetone in the expired 
air might vitiate the analyses, a second sample of air washed with acid water 
was also analyzed. The results obtained differed but little from those done 
by the ordmary method. 

In spite of the fact that, chemically at least, the breakdown of fat into 
combustible fragments requires a considerable intake of oxygen, there is but 
little evidence of this demand if the net oxygen requirement per kilogrammetre 
of work calculated from the resting values is considered. The average value 
obtained, 2-70 c.o. in E. I, is very slightly above the average, 2-64 c.c., of those 
found for this subject on an ordinary mixed diet, and in E. II, 2*35 c.c., it is 
even below the average. Further, if the attempt be made to calculate the 
absolute net demand of energy for the production of external work, by deter^ 
mining the oxygen consumption per wheel revolution per minute, whilst the 
subject causes the wheel to rotate without load (the friction is but slight (13)), 
and deducting this value from the oxygen consumption per wheel revolution 
per minute with a known load, and then dividing the net consumption per 
revolution per minute by the actual amount of external work done per minute 

2 H 2 
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in kilogrammetres, it is found (Table X) that in the control experiment on an 
ordinary naixed diet the average oxygen demand is 0*035 c.c. per kilogram- 
metre (four sets of analyses), and 0 • 036 c.c. (six sets of analyses) on the fat diet— 
an astonishingly good agreement. 

Table X.— Absolute net Oxygen Utilisation in cubic centimetres per 


kilogrammetre (i.e. Load less No Load Values). 



■ 1 

Mixed. 

I Carbohydrate. 

Fat. 

Oxygen values in cubic centimetres (mean) .... 

0-03676 

0-03125 

0-03566 

S.I> 

0-00327 

0-00612 

0-00398 

Probable error of mean 

0-00110 

0-00172 

0-00109 


In both sets of fat experiments the fat diet was followed by the ingestion of 
carbohydrate, in series P. I by two days of an exclusively carbohydrate diet 
(tapioca and sugar), and in series P. II by one day of wheatmeal and sugar. 
In the first series the average net oxygen utilization per kilogrammetre, 
calculated as usual by deducting the ordinary resting consumption of oxygen, 
for the first day was 2*03 c.c. and for the second day 2*63 c.c., whereas in the 
second series the average for the first and only day was 2*26 c.c., i.e., the 
change from a fat to a carbohydrate diet brings about a slight reduction in 
the cost in terms of oxygen per kilogrammetre. In the first series the no-load 
experiments were also done, and when the calculation is made as above, it 
is found that the absolute oxygen requirement per kilogrammetre on the first 
carbohydrate day was 0*028 c.c. and on the second day 0*034 c.c., giving 
an average of 0*031 c.c. for both days, a value slightly below those found both 
for ordinary and pure-fat diets. (See Table X.) 

In Table XI there is given the record of the influence of the giving of an 
oil diet, at rest and at work, on the output of the urinary constituents. Again 

Table XL — -Experiments on a Diet of Olive Oil. Excretion of Nitrogen and 

Sulphur in grams. 



No Work Experiment. 

Work Experiment (F. 11). 

Day 

1 

2 

3 

1 

2 

3 

Total nitrogen 

8-4 

11-8 

12-4 

9-5 

14-2 

13-7 

Ammonia nitrogen 

0-47 

0-71 

0-84 

0-44 

0-61 

0-84 

Uric acid nitrogen 

0-27 . 

0-29 

0-50 

0-13 

0-14 

0*22 

Creatinine nitrogen 

0-47 

0-51 

0-59 

0-67 

0-77 

0-68 

Total sulphur 

0-688 

0-910 

0-936 

0-826 

0-970 

0-949 
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it will be noted that the rise in N. output characteristic of a fat diet is exagger- 
ated by muscle work. As in the other experiments; the rise in nitrogen output 
is accompanied by a rise in the output of sulphur. 


Summary. 

The results obtained may be cautiously and briefly summarized as follows ; — 

1. Muscular work brings about a definite, although small, rise in the output 
of nitrogen. 

2. It also produces a parallel rise in the output of sulphur. 

3. There also results small, rather insignificant, changes in the distribution 
of nitrogen in the urine. 

4. The different types of diet employed influence the course of the gaseous 
metabolism during work. 

5. Under the conditions of the present experiments the differences in the 
oxygen demand during work on diets which contain meat and those which are 
meat-free are definitely significant. 

6. The oxygen consumption per kilogrammetre of external work is not 
materially different when the subject is on an ordinary mixed diet or an exclu- 
sively fat diet, but there is, perhaps, some evidence than when on an exclusively 
carbohydrate diet the oxygen demand is slightly lowered. 

Our thanks are due to Dr. Wishart and Miss Bedale for their assistance in 
the conduct of some of the experiments, and to Dr. S. Dawson for his advice 
in the statistical treatment. 

The expenses were defrayed in part by a grant from the Gfovexnment Grant 
Committee of the Eoyal Society and in part by the Carnegie Trust. 
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The Life- Cycle of the Nodule Organism^ Bacillus Radidcola 
(Beij.), in Soil and its Relation to the Infection of the Host 
Plant. 

By H. G. Thornton, B.A., and N. Ganoulee. Ph.D. 

(Communicated by Six John RusseU, F.K.S. — Eeceiyed January 7, 1926.) 

A. Introduction. 

The existence of changes in the form of Bacillus radidcola has been known 
since Beijerinck (2) first isolated it in 1888 from leguminous plant nodules. 
He observed the motile swarmer ” stage as well as the branching forms, whose 
nature was already the subject of controversy. About the same time the 
development of straight-rod forms of the organism was described by Prazmowski 
(14). Numerous writers have since observed the existence of the organism 
in the three conditions of straight rods, branching rods and cocci (for references, 
see Lohnis, 1921 (10) ). In 1916 Lohnis and Smith (11) claimed that the 
various forms constituted a definite life-cycle through which' the organism 
normally passes, and this cycle, as seen in cultures, was carefully described 
in 1919 by Bewley and Hutchinson (3). In a vigorous young culture, the 
predominating form of the organism is a short, evenly staining rod (fig. 1). 
These rods soon undergo a change in internal structure, the staining material 
becoming segregated into bands crossing the cell. During this banded stage 
the cells frequently become swollen, distorted, and branched, the so-called 
bacteroids ” (Brunchorst (4) ), but this irregularity of form is not an essential 
part of the life-cycle, but would appear to be a response to conditions of the 
environment (Buchanan, 1909) (5). The banded cells give rise to the cocci 
by further condensation of the bands. 

The origin of the cocci within the mother-cell was described and illustrated 
in 1891 by Morck (12), who was the first to appreciate the relation of the internal 
structure of the cell to the life-history of the organism. The cocci are usually 
released in a non-motile condition, and afterwards develop flagella, becoming 
actively motile, the swarmers of Beijerinck (2). Under certain conditions, 
however, the cocci develop flagella while still enclosed within the mother-cell. 
This condition has been described by Greig-Smith (8) and the observation 
confirmed by one of the present authors (7). The cocci eventually become 
elongated and thus pass into the unhanded rod stage. The flagella, which are 
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developed on the cocci, persist after this elongation, but are soon lost : the 
rods then become non-motile. The development of motUity in a culture is 
thus intimately associated with the appearance of the coccus stage. 



THE LIFE CYCLE OF BACILLUS RADICICOLA 

1 . 


In 1922 Wallin (16) observed the existence of various stages of the organism 
within the tissues of the nodule. The object of the present work was to dis- 
cover whether the nodule organism undergoes a similar cycle of changes in 
soil, and, if so, whether the incidence of the motile coccus stage is associated 
with a migration of the bacteria through the soil. 

B. Technique. 

(1) Method of studying the Life-GycU in Soil. 

The nodule organism that iofects lucerne {Medicago sativa L.) was used 
throughout the work. The strain was originally supplied by the Statens 
Planteavls Laboratorium, Lyngby, Copenhagen, and its ability to produce 
nodules was frequently tested. The cultures were grown on an agar medium 
containing mineral salts, saccharose, and extract of lucerne roots, and were 
incubated at 26° 0! for 10 days before use. 

Petri dishes, 6 inches in diameter, containing 200 grs. of a mixture of 
Rothamsted soil (34 per cent.) and sand (66 per cent.) were sterilised at 
15 pounds pressure for 30 minutes, and the water content was made up to 
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17 to 18 per cent, on an air-dry basis. An agar slope culture was filled to the 
top of the slope with sterile inoculating fluid, the bacterial growth scraped off 
with a sterile platinum loop and, when the sediment had settled, 1 c.c. of the 
suspension was removed in a sterile pipette and evenly distributed over the 
petri dish of soil. The soil was then thoroughly noixed with a sterile spatula 
and incubated at 25° C. 

On each occasion of sampling three cores were removed from different parts 
of the petri dish by means of a sterile cork borer. These were well mixed in 
a watch-glass containing 1 c.c. of sterile distilled water, the sample was tritu- 
rated with a small sterile rubber pestle and, after standing for 10 minutes, two 
loopfuls of the surface fluid were spread over a clean slide and the film dried 
at 45° C. in an oven. 

In staining the films a modification of Winogradsky’s method (16) was used. 
The dried film was fixed with absolute alcohol and flooded with phenol-ery- 
throsine (1 gram of erythrosine dissolved in 100 c.c. of 5 per cent, phenol), which 
was allowed to act for 10 minutes. After washing in tap water the film was 
re-stained with 2*5 per cent, aqueous erythrosine for another 10 minutes. 
Duplicate preparations were made from each sample, and, from these, the 
percentages of unbanded rods, banded rods, and cocci were determined for 
each slide by counting the numbers of each stage in five random microscope 
fields. 


(2) of Acmrmy of the Sampling and Microtechnique, 

Table I.* — Showing the Observed and Expected Numbers of Bacterial Forms. 


Samples. 

Total 
number 
of cells 
counted. 

Number 
j ^of cocci. 

i 

Number of unbanded 
rods. 

Number of banded 
rods. 

Observed, j 

Expected. 

j Observed. 

Expected. 

Observed. 

Expected. 

A 

277 

1 

13 

13-66 

267 

255*36 

7 

7-98 

B 

337 

18 

16-61 

308 

310*67 

11 

9-72 

0 


16 

14-30 

267 

267-34 

7 

8-36 

B 

171 

6 

8-43 

, 169 

157-64 

! 

6 

4-93 

Mean percentage 


4-93 



92-19 



2-88 



Percentage standard error 

0-66 

— 

0-82 

— * 1 

0-61 

— 


* The authors are indebted to Mr. B, A. Usher for his adY®®» particular, for 

making a statistical test of the data given in Table I. 
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The accuiacy of the sampling and microtechnique was tested in. four 
sun taneous samples, taken during the course of experiment 1. From the 
counte thence obtained the mean percentage of each ceU-type was calculated 
for the whole set of samples. The expected numbers of each type in the 
mdiyidual samples were then obtained by taking the mean percentage of the 
total cells counted in that sample. Table I shows the expected numbers with 
the actual numbers observed. The variation between individual samples is 

no greater than necessarily foUoTO from the random distribution of organisms 
m the soil. ® 


C. Life of the Osganism in Sterile Soil. 

Experiment I. 

^ organism growing in sterile soil, a suspension 

Med water was used to inoculate the soU as described above. Samples 
of sod were e«d immediately after inoculation, and, thereafter, at ho^ly 
mtervals for 27 hours and then at daily intervals for six days. 
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(1) The Life-Cycle Changes. 

In any sample examined, all tlie three principal cell -types occur, but their pro- 
portions vary at different times. The study of the life-cycle is therefore a 
quantitative problem, it being necessary to follow the changes in the relative 
numbers of these stages. The changing percentages of each cell-type during 
the iSrst 27 hours is illustrated in fig. 2. Within this period the population 
passed through two complete cycles of changes, each commencing with an 
increase in the proportion of unhanded rods and followed by a rise in the 
proportion of cocci and banded rods. In both cycles the maximum percentage 
of cocci is reached as soon as, or before, that of the banded rods from which 
they arise. This feature is also seen in later experiments (figs. 3, 4, 5, 6, 7), 
and may be due to a change in the relative rates at which cocci are formed 
and at which they are released from the rods. The regularity of the changes 
here observed was shown in a second soil culture set up in a similar manner, 
from which samples were examined every two hours for 14 hours. The per- 
centages of each cell-type f oimd in this culture are plotted in fig. 3, together with 
the percentages found at equivalent times in experiment 1. 



Pig. 3. — ^Life-cycle changes found in two experiments. 

(2) Multiplication. 

BadUus radidcola multiplies in two ways, by binary fission of the rod stage 
and by multiple fission, the banded rods brealdng up into cocci. Plate counts 
made during the course of the experiment indicate that the latter method is 
the more important, for during periods of maxima of the unbanded rods the 
numbers show no increase, but increases occur on both occasions when the 
cocci reach their maxima. 
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(3) Mobility. 

To study the relation between the life-cycle and the occurrence of motile 
forms in the soil, a drop of soil suspension was examined in a fresh state at each 
time of sampling and the presence of motile forms was noted. The vertical 
broken lines in fig. 2 show the times when motile cells were observed. Motile 
forms were not evident within the first 12 hours, perhaps owing to the small 
total number of cells in the culture. The greatest number of motile cells was 
found in the samples taken at 5 a.m., when the cocci had reached their second 
maximum, and at 6 a.m., when the relative numbers of cocci were falling off 
and being replaced by unbanded rods. This is in accordance with the fact 
observed in liquid cultures, that flagella are developed on the cocci and persist 
for some time after these lengthen to form the unbanded rods. 

(4) Later Gourse of the Life-Cycle, 

The subsequent history of the soil culture was followed in experiment 1 
by taking samples at daily intervals for six days, and the percentages of each 
cell-type during this period are shown in fig. 4, where also the earlier history of 
the culture, already described, is summarised by plotting points selected at 
six-hourly intervals. In the first 24 hours the cocci never exceed 26 per cent, 
of the population, but a big increase subsequently occurs, so that by the third 
day about 70 per cent, of the cells are in this stage. 

The chief features of the life-cycle during the first six days were confirmed 
by a separate experiment carried out under conditions similar to experiment 1, 
during which samples were examined at daily intervals. In fig. 4 the results of 
the two experiments are plotted together. The fact that the changes in relative 
numbers of each cell type, both at hourly intervals during the first 12 hours 
(fig. 3) and at daily intervals during six days (fig. 4), are so closely reproduced 
in entirely separate experiments shows that a regular cycle occurs in the soil, 
the principal features of which are constant in a given environment. It was 
important to determine whether this cycle was inherent and unalterable, or 
whether it could be modified by changes in the environment. 

D. Influence oe the Inoculating Tluid in modifying the Life-Cycle. 

Bewley and Hutchinson (3) observed that in cultures of J5. radidcola a 
plentiful supply of calcium phosphate in the medium stimulated the appearance 
of the motile coccus stage. To see whether the nature of the suspending fluid 
used in inoculating soil influenced the life-cycle in the soil, experiments were 
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a suspension in water. (Two experiments.) 

conducted in a manner similar to experiment 1, save that the following fluids 
were used to make the inoculating suspension : — 

A. Milk. 

B. 0-1 per cent, solution of di-acid calcium phosphate (CaH 4 (P 04)2 + 4 H 2 O) 

in water. 

C. 0 • 1 per cent, solution of di-acid calcium phosphate in milk. 

Samples of the soil cultures were examined at daily intervals for six days. 
The changing percentages of cocci, banded and unhanded rods, are shown in 
figs. 5, 6 and 7, which should be compared with experiment 1 (fig. 4), V’here the 
inoculum was suspended in distilled water. In all these experiments a high 
percentage of unbanded rods at the twenty-fourth hour gives place to a rise, 
first in Ihe proportion of cocci, and secondly in that of banded rods. The 
nature of the inoculating fluid, however, strikingly affects the time and degree 
of coccus formation (fig. 8). 

With distilled water as the inoculating fluid, the percentage of cocci increases 
but slowly for 48 hours and reaches a maximum at the third day, then falling 





% Cocci 
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ofE. The addition of calcium phosphate to the inoculating fluid, whether this 
he milk or water, causes a rapid preponderance of cocci, which, within 48 hours 
form about 70 per cent, of the population. The use of a milk inoculum lengthens 
the time during which the cocci predominate. 

Since a nse m the percentage of cocci coincides with the appearance of motile 
forms m the soil, the different inoculating fluids, which modify the time of 
coccus predominance, should also influence the time of appearance of the 
motile cefls in the culture. To determine how soon motile forms appeared 
when the bacterial suspensions in the various fluids used above were inoculated 
into soil, suspensions of a 10-days’ old agar culture of Bacillus radicicola were 
made m these fluids. These suspensions were used to inoculate test-tubes 
contaimng 25 grams of sterile soil and sand mixture. Hourly examinations 
were made, fresh preparations being searched for motile organisms. The 
times when motile forms were first observed are recorded ia Table II. 


Table II Hour of Appearance of Motile Forms (from the Time of Inoculation) 
Inocmum. '' 

Tap water 

SMm milk Between 18tli-20tli tour. 

0- 1 per cent, oaiciiim piiomiiate Between ISth-lSth hour. 

SHm milk + 0. 1 per cent, calcium phosphite::.— 

Cdfees added to the soil in suspensions, either in water or in a solution of 

phosphate m water, teke the same time to produce motile forms in the soil A 

k siispension however, produces motile forms earlier, and the addition of 

the phosphate to the milk greatly shortens the time of their appearance as 
compared with milk alone. appearance as 


E. Spebad op the Bacteeia theough Steeile Soil. 

flidd^^'v inoculating 

flmd, which alters the time of appearance of the motile coccus stage should 

thflX^^ workers differ as to the importance of active motility in influencing 
he spread of Bacillm rad^cuiola through soil. Ball (1909) (1) found that in 

^^uded that inovement was largely due to soil-water currents aided by 
muHuih^tion and motiHly of the organism. Kellerman and Faucett (1) 

1 iSh LI 2 hfu^'th ’T ^o^ooed to about 

n 72 hours. They assumed, however, that the movement was due to 
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tlie multiplicatioa of the bacteria. Frazier and Fred (1922) (6), however, 
concluded as a result of pot and field experiments, that soy-bean nodule bacteria 
spread very slowly, if at afi, unless passively carried by water currents. 

In the present work, the spread from the centre of petri dishes of soil was 
studied as described in the footnote.* The bacteria spread evenly in each 

direcfaon (fig. 9). ^ Their migration was, therefore. Utile affected by inequaUties 
of soil conditioiis in the petri dish. 



off the hd on to the soil. The petri dishes i^ere sterilised in the autoclave. Acork-borer&d 

5t waTmeTST-T petd dish, and the space thus 

left was ped with air-dry sod and sand, previously sterilised. Upon this was nLied one 

drop of bactenal suspension made up in the inoculating fluid to be tested m amall 
column of air-dry soil^and mixture absorbed the drop and prevented a W acc^? lT 

^ tor the H«.5ob rtndia.uoi . loopliil ot ««* umpfc .trratal 
ad "* 1 ”"™ .gn. Ho or obono rf orgimlm at 

^ tho oootr. *,og tt^o dffloraa radii ™ tte, dotoadoai b, 
e^mmafaon of stamed preparations, and the observation conflrmed by the nresenoe Z 

vox,, xors.— B. 


2 
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Fig. 10 shows the restilts of a nninber of trials in which bacterial suspensions 
in water alone, in milk alone, and in milk + 0*1 4- 

2 H 2 O were used to inoculate the centre of the dish. The trials were made 
in duplicate, using water and milk suspensions, and' in triplicate, using milk 
and phosphate, the curve on the left of the figure representing two trials, the 
results of which were identical. The nature of the inoculating fluid greatly 
influenced the time at which spreading commenced. 



€ n 13 24’ 30 36 ^2 43 54 60 66 72 73 

Time, Hours. 

Fio, 10.^ — Influence of the inoculating fluid on the spread of Bacillus radicicola 

through soil. 

In fig. 11 the influence of the three inoculating fluids on the spreading is 
compared with their influence on the percentage of cocci found in soil at the 
same intervals of time during the life-cycle studies. The inoculating fluid 
similarly afiects the time of coccus formation and the time at which spreading 
commences, suggesting that the motile cocci actively migrate through the soil. 



6 9 12 la 24 30 4ft ftO 72 


Eia. 11. — Influence of the inoculating fluid on the spread of Bacillus radicicola and 
on the percentage of cocci formed in soil. 
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In this experiment, the organisms, in the course of spreading, must soon have 
removed themselves from the direct influence of the inoculating fluid, since the 
inoculum was added only to the centre of the dish. A more rapid spread, 
however, by distributing the population through a larger volume of soil, 
would tend to increase the available food supply and might thus exert a 
comparatively remote influence on the multiplication of the organisms. By 
the use of the technique described in the footnote,* the efiect of the inoculating 
fluid on bacterial numbers was studied. 

Fig. 12 shows the distribution of bacterial numbers in troughs of soil and 
sand mixture inoculated at one end with a bacterial suspension in water. 
After 24 hours the organisms are concentrated near the point of inoculation, 
the soil beyond the second inch being sterile. By the fourth day little 
increase in total bacterial numbers is found, but the bacteria are now dis- 


300 - 



Fio. 12. — ^Numbers of Bacillus radicicola in soil at varying distances from the point 
of inoculation. Inoculum suspended in water. 

* 1500 grams of soil-sand naixture were placed in a “ Pyrex ” glass trough S in. deep, 
measuring 10 in. by 4| in. at the top, and having a floor measuring 8 in. by 3 in. The 
moisture content of the mixture was made up to 18 to 19 per cent. A cork-borerful of soil 
was removed from the end of the trough and replaced by small beads. Care was taken to 
pack the beads closely so that they were in contact with the surrounding soil. A ridged 
zinc cover, having a hole at each end of the ridge, and with the sides projecting downwards 
1 in. all round, was ihade to fit over the glass trough. The holes and the space between the 
projecting metal sides and the glass trough were packed with cotton-wool, and the apparatus 
was sterilised at 15 lb. pressure for half an hour. 

The bacterial suspensions were prepared with the three inoculating fluids — (1) water 
alone, (2) skim milk alone, and (3) skim milk + 0-5 per cent- di-acid calcium phosphate. 
The glass beads were just moistened with the suspension to be tested, and the trough 
then incubated at 22® C. 

For each inoculating fluid three troughs were used, and bacterial counts were made at 
intervals of one, four and six days, one trough being opened on each occasion. Duplicate 
samples were taken 1 in. away from the point of inoculation, and at intervals of 1 in. up 
to the eighth inch, and plate ooxmts of the bacteria were made from each sample. A close 
agreement between the duplicate samples was always found. 


2i2 
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tributed as far as the fifth inch. By the sixth day the organisms have 
reached the sixth inch, and a considerable increase in numbers has taken 
place. As compared with the numbers after four days, there has been an 
increase of about four-fold at the third, fourth and fifth inches, but at the 
second inch the numbers are less than doubled, while at the first inch there 
has been an actual decrease in numbers. This distribution of numbers 
mdicates that the organisms are better able to multiply in the recently 
infected soil than near the point of inoculation, where their previous growth 
has rendered the soil a less favourable medium. Actual migration of motile 
forms may be a contributory cause. 

Kg. 13 shows the distribution of numbers in troughs inoculated with a 
suspension in milk. Here, again, a multiplication near the point of inoculation 
occurs in the first 24 hours, and subsequently spreading occurs, the bacteria 
reachmg the fifth inch on the fourth day and the sixth inch on the sixth day. 


300-1 

200-5 

O 

too-§ 


Eco. 13. Numbers of Bacillus radicioda in soil at varying distances from the point 
of inoculation. Inoculum suspended in milk. 

The milk, however, produces a great efiect in stimulating multipUcation as 
compared with the water inoculum. This stimulation is, however, confined to 
the region neighbouring the point of inoculation, the numbers found beyond 

the second inch on the sixth day being no higher than was the case with the 
water inocnltim. 

Kg. 14 shows the distribution of numbers in troughs inoculated with a 
smpension in ndlk -f 0 • 5 per cent. CaHa + (POJa 2 H 2 O. The addition of the 
phosphate causes a marked increase in multiplication, and also in spreading, 
the bacteria reaching the toher end of the trough within four days. There is 
a considerable fafl in numbers at the first andsecond inch on the fourth and sixth 
dayB.iand this.is'perhaps due to the high numbers in that region after 24 hours. 




Life-Cycle of Nodule Organism^ Bacillus Radicicola (Beij.). 441 

The addition of the phosphate, however, produces a very great increase in 
numbers from the third to the fifth inch. By the sixth day the region of highest 
numbers has moved forward to the fourth mch, where the numbers are more 
than three times as great as with the milk inoculum without phosphate. In con- 
sidering what is the cause of this increase, the small amount of phosphate added 
to the trough must be recognised. About 0*25 c.c. of the bacterial suspension 
in milk + calcium phosphate was used to moculate the end of each trough. 
The 1-25 mgs. of phosphate contained in this can scarcely have exerted an 
appreciable direct action on the number of organisms four and five inches from 
the point of inoculation. The curves, however, show that the bacteria increase 
most rapidly in the newly infected soil, so that the known effect of the phosphate 


600 



Era. 14. — ^Numbers of Backus radicicola in soil at varying distances from the point 
of inoculation, Inoculnm suspended in milk + calcium phosphate. 


in hastening migration o:^ the bacteria through the soil supplies an explanation 
of its remote influence on the multiplication. The invasion of fresh soil by 
motile individuals is followed by a, wave of high bacterial numbers, due to 
multiplication of the bacteria in the freshly invaded soil. The action of the 
phosphate in stimulating the spreading consequently results in an extension of 
the wave of high numbers to a greater distance from the inoculation point in a 
given time. The addition of calcium phosphate to the milk used as inoculating 
fluid thus produces a two-fold effect on the subsequent distribution of the bacteria 
in the surrounding soil : — first, it enlarges the volume of soil infected in a 
given time, and, secondly, it increases the number of organisms within that 
volume. In the practice of seed inoculation, both these factors should increase 
the chances of root-infection, and consequently favour the formation of nodules. 
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F. InboiTtenoe oe the Inoculating Fluid on Nodule Formation. 

A series of pot experiments -were made to see whetter the addition of calcium 
phosphate to the inoculating fluid would increase the formation of nodules. 

Pot Experiment 1. 

Thirty oylmdrical glazed earthenware pots, 6| inches in diameter and 
16 inches deep, were each filled with 22-6 lb. of sieved garden soil, to 
wHch 30 per cent, sand had been added. The moisture content of this 
mixture was made up to about 20 per cent, before filling the pots. The soil 
used was one in which lucerne nodule bacteria were present in small numbers, 
and in order to test the additional effect of the inoculation in such soil, neither 
soil nor seed were sterilised before use. Thick suspensions of the bacteria were ' 
made m sMm milk alone, and in skim milk to which 0-1 per cent, di-acid cal- 
cium phosphate had been added. Uniform weights of seed were wetted with 

equal volumes of each suspension and the seed sown at the rate of 1 gram per 

pot. . Ten paraUel pots with each type of inoculation were set up and ten pots 
were sown with uninoculated seed. AU pots received equal watering and the 
p ante were thinned out in successive stages, so that at the axteenth week, five 
p ante per pot remained. Nodule counts were made after 4, 5, 6, and 16 weeks. 
For this purpose the roots were washed with a fine jet of water from a hose. In 
ooratmg the nodules, the roots were floated in a shaUow dish and examined 
wi h a lens against a black surface. Dry weights of crop were also taken. 
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The distribution of nodules on individual plants at the fourth, fifth, and 
sixteenth weeks is shown in the form of frequency curves in figs. 15 , 16 , and 17 . 
The efEect of the phosphate is increasingly evident with the age of the plant, 
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but it is undoubtedly significant even at the fourth week. There has also been 
an effect on the weight of the plants, as is seen in Table IV. 


Table IV.— -Showing the Yield of Lucerne at the Sixteenth Week. 



Mean 
number of 

Mean dry weight. 

Nodules per 

Treatment. 

nodules. 

Tops. 

]^oots. 

gram of roots. 

Uninaonlated 

47*3 

9-06 

12-67 

3-8 

Milk inoculum 

Milk 0 • 1 per cent, calcium 

65-2 

10-72 

13-66 

4-7 

phosphate inoculum .... 

116-2 

12-71 

14-42 

8-07 


Fot Experiment II. 

In this experiment the soil and sand mixture was steamed for eight hours, 
and sterilised skim milk was used in making up the inoculating suspensions, 
but the seed was not sterilised. An additional series of pots was set up, sown 
with seed inoculated with a suspension of bacteria in 0*1 per cent, solution of 
di-acid calcium phosphate in distilled water. Eight parallel pots of each treat- 
ment and six pots of uninoculated seed were sown, each pot receiving 2 grams 
of seed and the seedlings being thinned out as before- Nodules were counted 
on the second, third, fourth, fifth and sixteenth weeks, and the results are 
shown in Table V. 


Table V. — Showing the Mean Number of Nodules per Plant. 


Age of 
plant. 

No. of 
plants. 

Uninoculated. 

0*1 per cent, 
phosphate 
inoculum. 

Milk 

inoculum. 

Milk and 0-1 
per cent, 
phosphate 
inoculum. 

2nd week .... 

60 

2-04 


3-38 

3-28 

3rd week 

50 

2-42 


3-70 

3-67 

4th week 

50 

1-90 

3-86 

3-78 

4-18 

7th week 

20 

10-66 

19-6 

16-45 

16-9 

16th week .... 

10 

43-8 

66-2 

59-0 

113-1 


The addition of phosphate to the milk has again caused a big increase on 
nodule numbers by the sixteenth week (see fig. 18), though there is no 
significant effect before this. 
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The plants were harvested and dry weights taken at the sixteenth week, but 
five pots of each treated series and three of the uninoculated were left after 
cutting the crop, and the second growth after 30 weeks was cut and weighed. 
The effect of the milk phosphate on the growth is more marked at the 
thirtieth week than after 16 weeks (Table VI). 



Table VI. — ^Pot Culture Trial of Lucerne Inoculation. 


Treatment. 

Eesult after 16 weeks. 

j Result after 30 weeks. 

Mean No. 
of nodules. 

Dry weight 
of tops. 

Dry weight 
of tops. 

Dry weight 
of roots. 

Uninoonlated 

43*8 

12*6 

9-2 

11'5 

Inoc. Tnillr suspension 

59-0 1 

12-1 

9*8 

12-1 

Inoc. suspension in aqueous 





salt calc. phos. 0 • 1 per cent. 

56-2 

13-9 

9-9 

12*8 

Inoc. suspension in milk 0*1 





per cent, calc, phos 

113-1 

14-4 

12-6 

15-5 


Pot Experiment 111. 

In this experiment, 25 pots were used, each containing 22-5 lb. of soil-sand 
mixtoe. 
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The series was divided into the following sets : — 


Set I. 
„ II. 

» III. 

„ IV. 


Inoculated with bacterial suspension in skim millr alone. 


» » j) 


59 95 


» 99 93 

Uninoculated. 


» jj +0"1 per cent. 

CaH4(P04)2 + 2 H 2 O 

intapwater+ 0-1 CaH 4 (P 04 )a 

2H2O 

in tap water alone. 



^e pote and soil were sterffised by steaming and each pot received 1 gram 
seed, which, m the moculated sete. was wetted with a counted suspension of 
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bacteria at the rate of 13,600 bacteria per seed. The pots were watered at 
intervals with boiled water. Kg. 19 shows the numbers of nodules which 
developed after five weeks. 

This experiment confirms the effect of adding di-acid calcium phosphate to 
milk in increasing nodule development. The addition of the phosphate, how- 
ever, has in no way improved tap water as an inoculating fluid. 


G . Discussion. 

The pot trials above described show the increased nodule formation from 
seed inoculated with a bacterial suspension in milk + di-acid calcium phosphate 
over that inoculated with a suspension in milk alone. The dose of phosphate 
that produces this effect is minute. Approximately 0*2 c.c. of the bacterial 
suspension was used to wet 1 gram of seed, and this volume contained 0*1 
per cent, of calcium phosphate. The amount of calcium phosphate added to 
each pot containing about 20 lb. of soil was therefore about 0*2 mg. in pot 
experiments I and III and 0*4 mg. in experiment II. So small a dose can 
scarcdy have had any direct influence on the plant growth. It has been shown, 
however, that doses of this order or magnitude, by affecting the production of 
motile forms of the bacteria, do influence their migration through the soil 
and exert a remote influence on the bacterial numbers. The increased nodule 
formation can therefore be attributed to the wider, distribution of the bacteria 
and to their greater numbers at a distance from the seed. 

If this explanation is correct, the added calcium phosphate should show its 
effect in increasing the nodule numbers towards the extremities of the roots 
rather than near the seed. In order to test this point the following experiment 
was carried out : — 32 glazed earthenware pots were filled with soil and sand 
mixture. Half of them were sown with lucerne seed inoculated with a bacterial 
suspension in milk + 0*1 per cent. 0 aIl 4 {P 04)2 + 2 H 2 O and half with seed in- 
oculated with a suspension in milk alone. A standardised inoculum was used, so 
that each seed received approxnnately 4,600 bacteria. 0*26 gram of seed 
was sown per pot and the plants thinned out as seemed necessary. At intervals 
during the growth period duplicate pots of each type were removed, the roots 
washed and separate counts of the nodules in the top 4 inches of the root and 
below that depth were made. The development of nodules in the surface 
region and in the deep region is shown in fig, 20. 

The addition of calcium phosphate produces no increase in nodules in the 
top four inches of the root, near the point of inoculation. There is consequently 
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ao effect from tlie phosphate until the sixth week, when the root system begins 
evelop below this depth. From this time onwards the phosphate produces 
an mcrease m nodule numbers, which, however, is entirely confined to the distal 
re^on of the root system. The effect of the phosphate consequently becomes 
more marked as the plant grows older and the lower roote develop.* 



* The authois axe grat^oHy indebted to Mr P H R • 

oonnte of the nodules in this and in the other pot experinx^te. 
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While the effects produced By phosphate are thus in accordance with the above 
explanation, they also show that the spread of the organisms in the soil of the 
pots caimot proceed and continue at the rate recorded in the lab6ratory experi- 
ments. The rate of radial migration in petri dishes was found to be of the order 
of one inch in 24 hours, while in the glass-trough experiments the wave of >iigh 
bacterial numbers appears to move along the trough at an approximate rate 
of one inch in 48 hours. While the experimental data on this point are sifll 
insufficient, they indicate a rate of migration which, if maintained in the pot 
trials, would result in the infection of the whole mass of soil in about 30 days, 
even with the least efficient method of inoculation. Measurements of spreading 
have not, however, been carried out for long enough period to decide to what 
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extent it is maintained, and the pot experiments suggest either that the 
initial rate of spread is not maintained or else that, under the dif pftre nt soil 
conditions in the pot, it occurs at a sufficiently slow rate to enable the addition 
of phosphate to produce an effective increase in bacterial numbers in the lower 
layers of soil even later than six weeks after sowing. 

The effect of calcium phosphate, as shown in the above experiments, has a 
bearing on the commercial methods of seed inoculation. The idea of inoculating 
seed with pure cultures of the nodule bacteria was first conceived by Nobbe (13) 
in 1896 in collaboration with Hiltner. The method of seed inoculation has since 
been tested extensively with varying success in many parts of the world, and in 
these triab a number of different liquids have been used in malnTig the bacterial 
suspension with which the seed was wetted. In 1902 the use of a suspension 
of the bacteria in sldm milk as the inoculum was tried, and this method is now 
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used extensively and witk success in Denmark for tke inoculation of lucerne 
seed. The addition of di-acid calcium phosphate to the milk is thus a simple 
modification of an already existing practice, and the cost of it should be 
negligible on account of the very small doses req^uired. 


H. SUMKAKY. 

1 . By means of a modification of Winogradsky’s staining technique the 
changes in morphology of Bacillus radicicola in soil were followed. A regular 
cycle of changes was found, unbanded rods, cocci, and banded rods successively 
predominating in the soil. Increase in the percentage of cocci was associated 
with increased bacterial numbers and with the appearance of motile forms 
(Section C). 

2 . By modifying the liquid used to suspend the inoculum added to the soil, 
the time of appearance of cocci in predominance could be altered. In 
particular, inoculation of the soil with a bacterial suspension in milk-f 
0-1 per cent. CaH:4(P04)2 + 2H2O hastened the predominance of cocci and 
increased the percentage to which they attained (Section D). 

3 . When the centre of a petri dish of soil and sand is inoculated with a sus- 
pension of the bacteria, the latter commence, after a lag period, to spread radially 
at an approximate rate of one inch in 24 hours. The length of this lag period 
B apparently related to the time taken for cocci to predominate in the soil and 
IS similarly effected by the nature of the inoculating fluid. The bacteria 
multiply rapidly m the soil into which they have recently spread, so that the 
mture of the moculating fluid also exerts a remote influence on bacterial num- 
bers. Thus moculation of the soil with a bacterial suspension in milk containing 
0 • 1 per cent. CaH4(P04)2 -f 2H2O results in a greater spreading of the bacteria 
through the soil and in greater multiphcation at a distance from the point of 

inoculation than in the case when soil is inoculated with a suspension in milk 
alone (Section E), 

_ 4. Lucerne plante grown from seed inoculated with a suspension of bacteria 
m milk H- 0-1 per cent. CaH4(P04)2 + 2H2O showed a considerable increase 
m^ nodule numbers and m yield compared with plants from seed inoculated 
with a suspension in milk alone (Section P). 

^ 5 . This effect was confined to the deeper portions of the root and therefore 
moreased as the plants became older and roots developed in the deeper soil. 

suggests that the additional nodule formation is due to the known effect 
of the phosphate m increasing the spreading of the bacteria (Section G) 
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Ultra- Violet Radiation and Metabolism, with a Neio Method 
for Estimating Metabolism. 

By J. AnaYLL Campbell. 

(Communicated by Dr. Leonard Hill, F.R.S. — Received January 20, 1926.) 

(From the National Institute for Medical Research, Hampstead.) 

[Plate 17.] 

Introduction. 

Kestner (1) and Hs co-workers recently found that ultra-violet radiation 
produced an immediate, but temporary, rise in metabolism of adults 
and cldldren. Pries (2) employed bealthy children and could find no 
material effect upon metaboKsm as the result of such radiation, and states that 
iiie rise of metabolism which may possibly occur in certain children is not due 
to radiation. It must be remembered that during a light bath the skin of a 
human being is not only exposed to rays but also to the air. 

Erogh (3) reviewing the literature concludes that light has no effect, if move- 
ment of the subjects is properly controlled. Neither Hasselbalch nor Durig, 
whose work has been reviewed recently by Hausmann (4), observed any effect 
upon metabolism as the result of radiation. 
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Leonard Hill and myself (6) carried out a series of observations upon human 
subjects undergoing heliotherapy and open-air treatment, at Alton in 
England, and at Montana in Switzerland. We were not able to attribute any 
of the increase in metabolism we observed to radiation from the sun. We 
followed their metabolism for several months and found the metabolism much 
higher in winter with little sun, than in summer with maximum sun. 

We also carried out observations upon six subjects before and after exposure 
to light baths over a period of 6J months, using the carbon-arc lamp (amps. 20 
volts 60) for treatment of lupus. This research was carried out in a ward at the 
London Hospital with the co-operation of Dr, Sequeira. In four of the subjects 
we observed no effect upon metabolism following prolonged radiation from the 
carbon arc lamp ; in the other two subjects there was a definite rise, the 
interpretation of which was difficult, owing to the approach of puberty. There 
was a distinct improvement in the lupus in all of them. In this research the 
air surrounding the subjects was comfortably warm. 

More recently Harris (6) has published results claiming that, although the 
total rays from either the iron-arc lamp or mercury-vapour lamp have no effect 
upon metabolism, yet there is a group of rays at the violet end of the spectrum, 
namely those with wave-lengths from 436-291 [ifjL, which have a marked and 
immediate effect upon the metabolism of mice and rats, an increase of 20 per 
cent, in the output of COg being observed. He obtained this group of rays by 
interposing a screen of blue uviol glass between the animal and the source of 
light. 

Experiments similar to those of Harris have been performed, using the 
mercury vapour lamp, and the results, which do not support his claim, are 
given in the present paper. 


Methods. 

White mice, white rats and human subjects were employed. The meta- 
bolism of the human subjects was estimated by the Douglas-Haldane method, 
as recommended by Cathcart (7). 

The metabolism of mice and rats was estimated by two methods ; one of 
them was similar to that used by Harris ; in this the CO 2 output was estimated 
by the Haldane-Pembrey method in which the CO^ is absorbed by soda-lime 
and weighed. It was not convenient to estimate the O 2 consumption by this 
method, which requires weighing of the animal chamber, because, in order to 
keep this chamber at constant temperature during radiation, it was sometimes 
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necessary to apply water to the outside of the chamber. The drying of the 
chamber required considerable time and was not a simple matter. It was 

necessary therefore to find some other method to estimate the Og intake of 
mice and rats. ^ 

After several unsuccessful attempts with face masks a circulation method 
which seemed to be reasonably accurate, was devised. A diagram of the 
apparatus is shown in fig. 1. A definite volume of air was placed in a Douglas 



bag, and by a suitable pump this air was piunped from the bag through the 
animal chamber back to the bag again. In this way the air was kept in con- 
tinuous circulation for an hour. To ensure proper mixing of the air in the bag 
the inlet to the bag was placed at a distance from the outlet ; the outlet was a 
long rubber tube with its end near the bottom of the bag ; the inlet was at the 
top of the bag. 

The contents of the bag were analysed for COg and Og both before and after 
one hour’s circulation through the chamber. The volume of air in the bag was 
measured before and after the circulation. The auiTTia.1 produced COg and 

VOL. xcix.— B. 9 _ 
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consumed Og, so tliat there was an increase of CO 2 and a decrease of O 2 in the 
gas in the bag. The volume of air placed in the bag at the start was such 
that the COg produced in one hour would not form more than 1 per cent, of the 
total volume in the bag ; in the same time the O 2 f^U about 1 *3 to 1*4 per cent., 
that is from 20*93 to 19*63 or 19*53. For a rat about 120 grammes about 
20 litres was foimd to give the required condition since a rat of this size produces 
about 3*5 c.c. CO 2 p^r 33 adnute. This means that at the start the animal is 
breathing pure air, but in half an hour the CO 2 in the circulating air forms about 
0*5 per cent. ; in three-quarters of an hour about 0*76 per cent., and in^ one 
hour about 1*0 per cent. The breathing of (such a quantity of CO 2 as 1 per 
cent, in the air does not afiect the CO 2 discharge to any significant extent, as 
pointed out by Haldane and others (8). In any case, 0*5 per cent. 00 2 has 
been detected in the vicinity of rats and mice lying in their glass jars. They 
lie, with their heads underneath, in heaps in a nest in a corner, and the animals 
at the bottom of the heap must be accustomed to such a quantity of CO 2 . 
Moreover, the results for COg output with the circulation method were similar 
to those obtained with the Haldane-Pembrey method. 

Table I gives results of experiments lasting 6 hours, the CO 2 being estimated 
over three separate hourly periods in this time. It will be observed that the 
general agreement of the methods was close ; the experiments compared, 
were performed on different days, using the same animals ; in the case of the 
rats, the weights had changed somewhat. 


Table I,—- Comparison of Methods, 


Animal . 


CO 2 cubic centimetre per minute. 


Haldane-Pembrey. 


Circulation. 


1st 

2nd 

3rd 

1st 

2nd 

3rd 

2-95 

2-88 

3-68 

2-89 

2*69 

2-93 

3-80 

3-73 

4-03 

3*99 

3*26 

3*61 

3-29 

3-26 

3-24 

3*59 

3*46 

3*29 


Eat 100-»sG . 
„ 140-«oG. 
6 Mice 120 G , 


In the third hourly period with the Haldane-Pembrey method, in the case 
of the rat weighing 100 gm., there appears to be a marked increase in CO 2 
output. Such an alteration was observed occasionally (1 in 8 experiments) 
with either method. It did not appear to be due to movement ; it was pos- 
sibly due, in part, to alteration in tone of the muscles, or to th37Toid activity. 
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Comparison of the results given in Tables II and III also reveals the 
agreement of the results obtained by the two methods. 

In most of the experiments, the COg output fell very gradually from hour 
to hour, but only by a few per cent. 

The advantage of the circulation method was that the Og consumption 
was also readily obtained. It was possible to analyse COg and Og within an 
error of ± 1 per cent. The volume of air was measured within an error of 
± 1 per cent, when the volume was 20 litres. A dry and a wet meter were 
use^s the former being slightly more accurate. 

The whole apparatus was carefully tested to determine whether any COg 
or Og would (^appear in a blank experiment due to absorption by the material 
of the apparatus ; in the routine followed no such absorption occurred. Before 
the 20 litres of air was placed in the bag for each experiment, the bag had 
contained, and been flushed out with, air containing 1 per cent. COg and about 
19-55 per cent. Og; the same bag was used throughout. 

Care was taken to test the whole apparatus for leaks, both by means of a 
manometer and by placing the chamber, bag and tubing under water. The 
volume of air in the bag was measured both before and at the end of an experi- 
ment, a very small difference being observed ; this afforded further evidence 
lliat the apparatus was airtight. The total error of the circulation method 
was considered to be ± 2 per cent. 

The space in the chamber was almost completely filled, the animals being 
placed sometimes in a wire enclosure with just sufficient space to turn round. 
The animals lived for three months in the room in which the experiments were 
performed. The temperature of this room was kept about 20° C. The 
temperature in the chamber was kept constant by means of suitable screens 
and water at room temperature : circulation of water was not required* In 
most of the experiments, the temperature in the chamber was about 22° C., the 
majority of the experiments being with rats and groups of mice. The animals 
were accustomed to the noises of electric motors, &c., and to the switching on 
and off of lamps ; and also to the blue colour from blue glass, so that the blue 
colour of the blue uviol glass would not disturb them. They were also placed 
in the chamber on several occasions before the actual experiments were per- 
formed. In this way, when the experiment was perfonned, they were quite 
used to the conditions and settled down readily ; as a rule, they appeared to 
sleep. They were watched for movement, and when movement was of any 
degree the results were discarded. 

The experiments were commenced at 9.30 a.m., and lasted for about five 

2x2 
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ours. The animals were fed about 11 a.m.., except those used that day in the 
experiment ; these were fed after the experiment, i.e., at 2.30 p.m. All the 
am^ seemed to take food before 5 p.m. In some cases, they fasted for 
17 hours before the experiment. The results were much the same as when 

heir food was left m their jars, probably because they did not feed at night 
JH any case. ^ 

BemUs of ExperimerOs with White Mim ard Rats using the HcMane- 

Pembrey method. 

The ammaJs were exposed to the total rays of the mercury-vapour lamp 
(^oper-Hewitt type, 3-5 amps. 110 volts between the poles ; Kw. = 0-38^ 
a cm distance, for IJ hours ; then to the rays of this lamp through the 

JB were shut off by an opaque screen. The spectra from the naked mercury- 

vapour lamp (223-770 (i(i) and from the blue uviol glass (291-436 an) are 
compared in fig. 2 (Plate 17). 

vrf do™ tbe Umits of the spectrum very 

when to intensity. Leonard Hill has found that 

^hen the naked mercury-vapour lamp kiUs infusoria in 5 minutes the blue 

r T'“- 0.75 

of tJblu “M* * P™ Mosaon of the deneity 

Of the blue uviol (see fig. 2, Plate 17). ^ 

o™ rTT'“5T‘r''''“ by opaque material 

o.er the thud pemd of the eipertaent ; in thie way it w» Cd easie, to 

»bamb«,. during tU. period of " no 

twits wm'T™ ^ ““ “™‘ '*'*•“ «“■ “bb” 

In tome oiperinente gmup, of mice were need ; in othere singte mice and 
to were employed. The results indicated that there was no est upon 00 
output by radiation with reys fn,m blue uviol da,, Tt T T , °®’ 

mercury-vapour lamp TrLTm 'to f .**“ “‘bl. ray. done from the 

same as for toe experimenf. in Tablet httl”' ™ 

e II, but a glass screen was also interposed, 
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Table II. — ^Haldane-Pembrey Method. 


CO 2 cubic centimetre per minute. 


Animals. 

Weight. 

gramme. 

Temperature 
of chamber. 

Mercury- 
vapour lamp. 

+ Blue uviol. 

No radiation. 







Mouse 

■ 40 

22-0 

1*44 

1*46 

1*57 

» 

28 

22*0 

1-23 

1*34 

1-33 

1 



24 

20*0 

1*23 

1*15 

1*08 



20 

24*7 

0-77 

0*6S 

0*75 

j» 

19 

23*0 

0*71 

0*68 

0*72 

» 

19 

23*0 

0*92 

1*00 

0*92 

Average 

25 i 

22*4 i 

1*05 

1*05 

1*06 

• 

6 mice 

120 

23*0 

3*29 

3*26 

*3*24 

5 

100 

23*5 

3*20 

3*09 

3*01 

6 

100 

23*5 

3*47 

3.57 

3*25 

Average 

107 

23*3 

3-32 

3*31 

3*17 

Rat 

135 

23*5 

3*71 

3-88 

4*21 

»» 

140 

23*5 

3*80 

3-73 

4*03 

Average 

137 

23*5 

3-76 

3*80 

4-12 








whici. sliiit out most of the ultra-violet rays ; thus the animals were exposed 
to visible rays of the colours used previously, but without the biologically active 
ultra-violet rays. No difference was observed between these results and those 
in Table II, There was, therefore, no indication that either visible rays of 
the colours used, or ultra-violet rays of any wave-length, affected the COg 
output of healthy mice and rats as measxixed by the Haldane-Pembrey method. 


Results of Experiinents with Rais and Mice, using the New Ciravilaiion Method. 

Single rats (100-150 gm. ) and groups of 6 or 6 mice were employed. Table III, 
A, B, and C, give details of the results. In Table III, A, 1 J hours’ exposure to 
the blue uviol rays followed 1 J hours’ exposure to the total rays of the mercury 
vapour lamp. In Table III, B, the metabolism without any radiation preceded 
the exposure to rays from these sources. In Table III, C, the exposure to the 
blue uviol rays was placed between a period of no radiation ” and a period 
of exposure to the naked mercury- vapour lamp. By thus changing the order 
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of tbe exposure to the blue uviol rays it was considered that perfect controls 
tor the experiment would be obtained. The details in the Tables III A B 

ihr byradiaiion 

oug ue uviol glass, indeed, the figures in these tables would do very well 

for animals without any radiation at all. ^ 


Table 111.= Circulation Method. 


Animals. 

Weight, 

grammes. 

Tempera- 
ture of 
chamber. 

Cubic centimetre per minute. 

Mercury-vapour 

lamp. 

-f Blue uviol. 

COj. 

0,. 

COj. 

. 0,. 

Rat 

135 

135 

143 

130 

' 22-0 
21-5 
23-5 
23*5 

3*48 

3- 41 

4- 34 

3 ‘73 

4-52 

4*11 

4*79 

4*62 

3-52 

3- 58 

4- 40 
3-61 

4*56 

4-68 

4-65 

4*37 





Average 

136 

22-6 

3-74 

4-61 

3‘77 

4*66 


! 

(RQ. 

829) 

(RQ. 

827) 


B 


Cubic centimetre per minute. 


Animals. 


Weight, 

grammes. 


Tempera- 
ture of 
chamber. 


Ko radiation. 

COg. 


0 ,. 


Mercury-vapour 

lamp. 


C0« 


0,. 


+ Blue uviol. 


CO,. 0,. 


Rat 


9> 

6 mice 



Average 



°C. 

95 

21-5 

150 

21*0 

130 

22*5 

120 

21-0 

100 

21-0 

119 

21*4 


2- 89 

3- 84 

3- 90 

4- 12 
4-16 


3-80 


3- 80 

4- 98 

5- 09 

5- 01 

6- 62 


4-90 


2- 09 

3- 84 
3-26 

3- 76 

4- 03 


3-61 


3- 73 

4- 81 
4-32 
4-47 
4-94 


4-45 


2- 93 

3- 82 
3-51 
3-60 
3-43 


3-44 


3- 60 
6- 10 

4- 67 
4-47 
4-46 


4-44 


(RQ. 775) 


(RQ. 788) 


(RQ 


77 <!\ 
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Table III — (continued). 

0 


Animals. 

Weight, 

grammes. 

Tempera- 
ture of 
chamber. 

Cubic centimetre per minute. 

No radiation. 

4- Blue uviol. 

Mercury-vapour 

lamp. 

CO2. 

0,. 

CO 2 . 

■0,. 

CO2. 

0,. 

Rat 

6 mice 

Average .... 

100 

100 

°C. 

23-0 

21-5 

3*18 

3-43 

4-25 

4-52 

3*18 

3-38 

4-21 

4*65 

3-18 

3-30 

4-39 

4-55 

100 

22-2 

3-30 

4-38 

3-28 

4-43 

3-24 

4-47 



(RQ. 

,753) 

(RQ. 

740) 

(RQ. 

.724) 


Tbe figures obtained, witb both methods used, for metabolism of rats and 
mice are similar to those given by other observers (9) if allowance be made for 
differences in conditions, e.g.^ weight of animals, temperature, etc. 

In some of the experiments the metabolism of mice lying in groups wats 
obtained ; in others the same mice were employed, but singly. It was observed 
that with the mice lying in groups the GO 2 output was lower per mouse than 
when each mouse was taken singly. Thus in 9 observations with 3 groups of 
mice, the average GO 2 output per mouse (19 gm.) per minute was 0-57 c.c., the 
limits being 0*54 to 0*64 ; whilst in 9 observations with the same mice singly 
the average output was 0*79 c.c., the limits being 0 *68 to 1 *00. It would seem 
probable that when mice are lying in a heap their surface exposed is reduced 
and thus less heat is lost and less COg is produced, thus confirming the law of 
surface area. 


Results of Experiments with Human Beings. 

In these observations the results of exposure of the skin, of the ventral or 
dorsal aspect of the trunk of adult men, to the rays from the mercury-vapour 
lamp through the blue uviol glass were compared either with the results of 
visible rays alone or with the figures for normal resting metabolism. The 
subject sat comfortably on a chair in a dark room and the skin was radiated 
through a window of a well- ventilated chamber enclosing the mercury-vapour 
lamp. The window had an area of 274 sq. cm., this also being the area of the 
blue uviol screen used, so tha up to 5 per cent, of body surface could be 
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radiated, tlie subject sittdng 30 to 60 cm. from the lamp. The lamp was placed 
about 20 cm. from -the wiudow. The general conditions were kept constant ; 
and body temperature, temperature of radiated skin and pulse rate were noted. 
All degrees of erythema, from slight to very marked with blistering, resulted 
as the after-effect of the exposures. Each part of an experiment covered at 
least one hour, so that the skin was exposed for this time to the rays through 
the blue uviol glass. The metabolism was estimated over the last 15 minutes 
of each period. 

•The results are given in Table IV, and reveal no effect, either immediate or 
delayed, upon metabolism by radiation through blue uviol glass ; nor did 
radiation with visible rays alone produce any significant change from normal. 


Table TV. — ^Results with Human Beings. 


Subject. 

Surface radiated. 

O 2 consumption 
increase (+) or 
decrease (— ) by 
blue uviol. 

Ery thermal* 

0,F 

674 sq. cm. ventral 

-9-0 

V. marked. 


639 „ „ dorsal 

+ 0-9 

fair. 


929 ,2 

-6'0 

marked. 


736 „ „ ventral 

-6-2 

marked. 

Y.A 

773 „ „ 

±0-0 

fair. 


923 „ dorsal 

+ 2*6 

marked. 

L.H 

773 „ „ ventral 

+ 4*0 

marked. 


697 „ „ dorsal 

-6-6 

fair. 

J.A.C 

773 „ „ ventral 

- 1-2 

marked. 


Summary and, Condusion. 

(1) Radiation by total rays (223-770 [rji) from the mercury-vapour lamp, 
or by the group of rays through blue uviol glass (290-436 or by the visible 
rays from either of these sources (400-770 (j.^ and 400-436 (i(i respectively) 
has no effect upon the metabolism of healthy men, mice or rats. 

(2) "When mice lie together in groups there is apparently a decrease of COj 
output due to reduction of surface area. 

(3) A new method for estimation of COj output and O 2 intake is described. 

The subject of this research was suggested by Dr. Leonard Hill, E.R.S., to 
whom I am indebted for kindly criticism and advice. My thanks are also due 
to Dr. Purdy for the diagram and to Mr. J. B. Barnard, E.R.S., whose depart- 
ment supplied the photograph of the spectra. 
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Fig. 2. — Comparison of spectra of Mercury-vapour Lamp (M.V.L.) and same tlirough 
Blue Uviol Glass (B,U.). The visible part of the M.V.L. is cut short in the 
photograph. It extends to about 770 fifi. The ultra-violet of the M.V.L. 
extends to about 223 jcx/a. Time exposures (seconds) B.U, : M.V.L. — 3:1. 

{Facing jp. 460.) 
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A Study of Certain Forms of Inhibition and Acceleration 

of HoBmolysis. 

By ErIO POISTDER. 

(Oommimicated by Sir E. Sbarpey Schafer, P.R.S. — Received January 30, 1926.) 

(Prom the Department of Physiology, Edinburgh University.) 

In considering the kinetics of the simpler haemolytic systems, we have already 
dealt at some length with one form of inhibition — ^that shown by serum in 
conjunction with saponin or one of the bile salts as a lysin (1, 2). This form of 
inhibition is that which has been most widely studied, and is one of great 
importance, for it has been shown that the inhibitory properties of serum are 
possessed by haemoglobin, and that these properties must be taken into account 
when dealing with the percentage haemolysis curves for such a substance as 
saponin (3). Other substances than serum, however, inhibit the action of 
saponin and the bile salts, and besides these, there is the cla^ of substances 
which produce an acceleration of haemolysis ; no quantitative study of these 
has yet been made, and since we cannot proceed farther with the kinetics of 
simple haemolytic systems without a knowledge of the way in whidi these 
accelerating and inhibiting substances produce their effect, tins paper will be 
devoted to a quantitative study of some of the reactions involved. 
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Tlie phenomena to be studied fall into two classes. In the first we have those 
substances which produce an inhibition of haemolysis, such as certain bases and 
sugars. The inhibitory action of members of this group is quite different from 
that shown by serum. In the second group are those substances which accelerate 
haemolysis, such as most acids. One other class of acceleration can be added — 
that produced by serum when added in a certain manner to a haemolytic system 
containing one of the bile salts ; this phenomenon, however, we do not propose 
to consider in this paper, as its investigation presents special difficulties. 


Group 1. — Inhibitors, 

Of the many substances which fall into this group, we shall consider only 
a few, leaving the observations to be extended to other cases. 

1. Sucrose , — This substance, in suitable concentration, inhibits the action 
of saponin. In order to obtain quantitative results, we use the following 
technique : — 

The curve showing the relation of the time taken for complete haemolysis to 
the dilution of lysin acting is first obtained, the experiment being conducted, 
as are most of those in this paper, at 25*^ 0,. A series of dilutions of saponin 
in saline (0*85 per cent. NaOl) is prepared, each solution being 2-5 times as 
concentrated as finally desired. Of each dilution, 0.8 o.c. is mixed with 0*8 c.c. 
of saline, the mixture warmed to 26° 0., and 0*4 c.c. of cell suspension added. 
The cell suspension consists of the cells from 1 c.c. of human blood, thrice 
washed with saline after being received into citrate, and finally suspended in 
20 c.c, of saline. The curve for saponin acting on the cells alone passes through 
the following points (20,000, 0 * 75), (30,000, 1 * 75), (40,000, 3 • 4), (60,000, 6 * 6), 
(60,000, 10). 

The curve for the lysin acting on the cells in the presence of 2 per cent, 
sucrose is next obtained by substituting for the 0*8 c.c, of saline added to each 
of the dilutions of saponin as above, 0*8 c.c. of a 5 per cent, sucrose solution 
in 0*425 per cent, saline. This concentration of saline is necessary in order to 
maintain the correct tonicity in the hsBmolytic system. This curve passes 
through the points (20,000, 1 • 35), (30,000, 3*1), (40,000, 5 * 5), (50,000, 11). 

Following the procedures employed in (1), the following table is now drawn 
up. Here is the dilution of lysin added and its corresponding concentration, 
that is, the number of milligrammes of lysin actually added to the tube 
containing the cells. The dilution of lysin which, acting alone, would take the 
same time for complete haemolysis as is observed with the lysin together with the 
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inhibitory agent is S 2 , and its corresponding concentration Og. The difference 
between and is x. 


h - 

Cl. 

5 s . 

0 ^. 

re. 

20,000 

0*100 


0*074 

0*026 


0*066 


0*062 

0*014 

40,000 

* 0*050 


0*040 

0*010 

50,000 

0*040 

61,000 

0*033 

0*007 


Plotting C 2 against x, it will be seen that the points lie on a straight line. 
We have, therefore, a different relation between the variable from that 
obtained when serum is the inhibitory agent, for under these circumstances 
the points lie on a curve ( 1 , 2 ). Since x = (c^ — we may now plot 
against Cg, when we shall get another straight line, which makes an intercept 
on the Cg-axis. The equation of this line is = R (Cg — h), where R = 1 *46, 
and h = 0*005; this is the general expression which will be shown to be 
applicable to a large number of h 8 emol 3 rfcic systems in which there is accelera- 
tion or inhibition. 

Supposing that h were zero, the meaning of this expression would be that, 
in the haemolytic system containing sucrose, a concentration of lysin produces 
haemolysis as if it were of concentration C;i/R, and acting on cells in the absence 
of sucrose, or, what amounts to the same thing, that the addition of the 
inhibitory substance has the effect of increasing the resistance of the cells to 
the lysin R times. It is not possible, at this stage of the inquiry, to say that 
the action of the inhibitory substance is on the cells themselves, increasing 
their resistance ; it is equally possible that the sucrose affects the activity of 
the lysin, or that the process by which the lysin combines with the cells may 
be affected. The best way to regard the finding is to look upon R as 
measuring the resistance of the cells in the cell-saponih-sucrose system as 
compared with that in the cell-saponin system, without specifying which 
component of the system is affected by the addition of the sucrose. 

The meaning of the constant h is less clear. In the study of the inhibition 
produced by serum a similar constant appeared, and the meaning attached to 
it was that a certain small portion of the lysin combines with the cells in such 
a way as to be unaffected by the presence of the inhibitory agent, which 
reacts mth the remaining portion of the lysin only. In this instance a similar 
explanation would suiffice, but it is better in the meantime to regard h as an 
empirical constant, and to leave its meaning undefined. We propose to make 
a special study of the matter. 
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The next point of interest is to inquire wlietlier tlie value of R and h as 
obtained above are the same at all temperatures of experiment. The curve 
for saponin acting alone at 35° 0. is therefore obtained, and is as follows : — 
(30,000, 0*6), (40,000, 1-25), (60,000, 2-6), (60,000, 4-5), (70,000, 10), (80,000, 
25). The curve for saponin acting with 2 per cent, sucrose at 35° 0. is ; — 
(30,000, 1*2), (40,000, 2-6), (50,000, 5-5), (60,000, 13). Prom these curves 
the following figures are obtained : — 


K 

Cl. 

s,. 

C2. 

30,000 

0-066 

39,000 

0-061 



60,000 

0-040 

50,000 


62,000 

0-0322 



73,000 

0-0274 


Plotting Cl against Cg, we obtain the line c^ = R — h), where, as in the 
experiment conducted at 25° C., R = 1-46 and h = 0-005. These values of 
the two constants are therefore the same at the two temperatures. 

Proceeding in a similar way to the above, we have investigated the 
inhibitory effect of concentrations of sucrose other than 2 per cent. In these 
cases it is important to dissolve the sugar in such a concentration of NaCl 
as will give a correct tonicity for the mixture, for the sucrose exerts an osmotic 
pressure of its own. This being done, the following values of R and h were 
obtained for different concentrations of the inhibitory agent : — 


Sucrose concentration, 

R. 

h. 

per cent. 

1-0 

1-26 

0-005 

2-0 

1-46 

0-005 

3-0 

1-61 

0-006 

4-0 

1-57 

0-006 


In all these cases it is to be noted that the concentrations are those in the 
2 c.c. of the haemolytic system, which results from the mixture of the sucrose 
solution, the lysin and the cells. It will be observed that as the concentration 
of sucrose increases, the value of R increases also, but not in simple proportion, 
and that, so far as the findings of the method show, h is constant. The method 
is, however, not such as would detect slight variations in this latter constant. 

In treating the curve which results from the plotting of against C 2 as a 
straight line, we have considered the possibility of its being really a part of 
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a very flat curve passing tlirough the origin. The most careful experiments 
have, however, failed to reveal suiBGLcient variation from a straight line to 
warrant us abandoning this convenient curve, which describes the results 
within 'the experimental range when extended as much as possible. We feel, 
nevertheless, that any extrapolation should be employed with caution, 
especially if it be in the direction of the origin. 

2. Sodium Hydroxide . — ^The addition of small quantities of NaOH is 
sufl&cient to inhibit lysis by saponin or the bile salts. In the case of sodium 
taurocholate, as little as N /5,000 NaOH , produces the efiect, which is 
unmeasurable by these methods. 

With saponin and N/1250 NaOH, the results are similar to those obtained 
with sucrose. Plotting against gives a straight line with B = 1*5 and 

= 0-008. The pH of such a solution was found by potentiometer 
measurement to be 9-90. 

3. Arginine . — ^In the course of an examination of a number of amino-acids 
for inhibition and acceleration effects, arginine was found to inhibit lytic 
action of saponin and of sodium taurocholate. A solution of this amino-acid 
in saline is alkaline, and the inhibition may therefore be compared with that 
of NaOH. 

Saponin acting with N /1250 NaOH and saponin acting with 1 in 1250 arginine 
were found to give exactly the same curve, the plotting of against C 2 giving 
the same straight line with B = 1 - 5 and h = 0*008. As regards their inhibi- 
tory effect, these two substances, in these concentrations, are identical. As 
regards their pH, howes^er, they are by no means the same, for, while the 
pH of the NaOH was found to be 9-90, that of the arginine solution giving 
the same inhibition was found to be 8-94. It must therefore be concluded 
that the pH alone is not responsible for the inhibition. 

In view of certain finding to be recorded below, an important point should 
here be noted. If the arginine be allowed to remain in contact with the cells 
for some tinie before the lysin is added, the resulting inhibition is very much 
greater than if the lysin and the arginine be mixed and the cells added. This is 
not in any way surprising, but it is rather remarkable that under these circum- 
stances the degree of inhibition tends to be independent of the amount of 
arginine used as an inhibitor. Arginine 1 in 600, 1 in 2500, and 1 in 4000 all 
gave the same amount of inhibition if the cells were left in contact with these 
concentrations for about five minutes before the addition of the saponin. 
When the experiment is performed with the additions in this order, it is not 
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possible to produce a greater inhibition than is exerted by one of these concen- 
trations ; the full efiect seems to be attained by such a low concentration' as 
1 in 4000, below which the inhibition fails. We are unable to explain this result, 
and merely note it in passing. A similar result has been obtained for several 
other cases of inhibition, the efiect appearing to be independent of the concen- 
tration of inhibitory substance over quite a considerable range. 

These are only three of many substances which produce inhibition and whose 
action is described by a linear expression. We intend to deal with the inhibi- 
tory action of the sugars, and also with that of certain salts, in other papers, 
as new points arise in these connections ; it may, however, be stated here that 
these inhibitions are similar in a general way to those discussed above. It 
may also be mentioned that we have examined the following substances with 
respect to their effect on hsemolysis, and have found them inert : glycine, 
alanine, phenyl-alanine, valine, cystine, taurine, guanidine, leucine, and 
sarcosine. Guanidine is stated by Seeker (4) to alter the permeability of the 
erythrocyte if calcium is present ; we have not found it to affect haemolysis 
as either an accelerator or an inhibitor. This finding does not, of course, 
necessarily conflict with that of Seeker. 

Group 2. — Accelerators. 

Acceleration of haemolysis is produced by most acid substances, some of 
which we shall consider here. 

1. Acetic Acid . — The investigation of the acceleration produced by this, or 
any other, substance is similar to the investigation of an inhibition. The curve 
for the lysin acting alone is first plotted, and thereafter the curve for the lysin 
acting with the added accelerator. 

With N/500 acetic acid acting with saponin we get the following curve : 
(40,000, 0*5), (50,000, 0*75), (60,000, 1*1), (70,000, 1*75), (80,000, 2*3). Saponin 
acting alone gives : (20,000, 0*76), (30,000, 1*2), (40,000, 2*3), (50,000, 3*5), 
(60,000, 6), (65,000, 11), (70,000, 20). From the two curves we get the following 
figures. Here ir = (Cg — Cj,). 


*1- 

Cl. 

Sa . 

Cg . 

X. 

40,000 

0-050 

16,000 

, , 

0*133 

0-073 

50,000 1 

0-040 


0-100 

0-060 

60,000 



0-071 

0-038 

70,000 i 

0-028 


0-058 

0-030 

80,000 

0-025 


0-060 

0*025 
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Plotting X against Cg, a straight line results, as in the case of an inhibition. 
Plotting Cl against Cg, we get another straight line, whose equation is Ci == 
R (Cg + h\ where R = 0 - 29 and -039. This is the same type of expres- 
sion as is applicable to an inhibition ; where inhibition occurs, R is greater than 
unity, and h is negative, while where acceleration occurs, R is less than unity 
and h is positive. The meaning to be attached to R in the case of an accelera- 
tion is the same as it bears in the case of inhibition ; h we regard in the meantime 
as an empirical constant. It is usually larger than in cases of inhibition, but 
this is quite misleading ; if the constants are to be compared, the intercepts 
made by the lines obtained by plotting x against Cg should be compared, rather 
than the values for h themselves. These intercepts are both positive, and do 
not differ greatly. 

The pIL of this N/600 acetic acid in saline was found to be 3-73 by poten- 
tiometer measurement. 

2. Qlutaminic AcH . — ^In concentration of 1 in 10,000, this amino-acid, 
acting with saponin, gave the following curve : (30,000, 0*4), (40,000, 0-75), 
(50,000 0-95), (60,000 1*2), (70,000, 2), (80,000, 3^5), (100,000, 9-6). The 
curve for saponin acting alone was the same as that given for saponin alone 
in the previous section. The relation of to Cg is a line described by = 
R (Og + A), where R = 0*375 and h = 0-027. This experiment, it should be 
noted, is one of the least satisfactory we have done, and the errors in it 
may be taken as being about as great as will be met with. The calculated 
values of Ci, however, are as follows: 0*064, 0-047, 0-040, 0-035, 0-030, 
0-026, and 0-021, instead of 0-066,0-050, 0-040, 0-033, 0-0285, 0-025, and 
0-020. These errors are small, and as a rule the experimental errors are 
smaller still. 

3. Histidine MoMhydroGMoride,-7-T^ acid substance accelerates haemolysis 
by saponin, and the relation between and Cg is of the type described above. 
The values of the constants are R = 0-62, A = 0-017, when 1 in 2500 histidine 
is used. 

In view of the fact that these accelerating substances are all acid, we have 
compared, in the case of histidine monohydrochloride and acetic acid, the pH 
and the accelerating action. Adding to 0*8 c.c. of 1 in 50,000 saponin 0-8 c.c. 
of the undemoted concentrations of the two accelerating agents, and thereafter 
0-4 c.c. of cell suspension, the time taken for complete haemolysis was noted in 
each case. The pH of the added accelemtor was afterwards determined. The 
following table gives the results : — 
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Acetic acid. 

Histidine. 

Concentration 

Time 


Concentration 

Time 


added. 

1 mins. 

3)H. 

added. 

mins. 



4-0 



4-0 


N/200 

0*75 

3*58 

0 • 5 per cent. 

1-2 

4*22 

N/300 

0-85 

3-62 

0'25 „ 

1*4 

4*44 

N/400 

0-95 

3-66 

0-10 „ 

1*6 

4*52 

N/500 

1-6 

3-73 

0-05 „ 

2*5 

4*69 

N/1000 

2-0 

3-82 

I — 


— 


From these results it appears that it is not only the pR of the added accelera- 
tor which determines the amount of acceleration ; the addition of 0*8 c.c. of 
acetic acid of pR 3 • 73 has nearly the same effect as the addition of the same 
quantity of histidine of pR 4*52. This is a result similar to that obtained in 
the case of the inhibition by the alkaline substances NaOH and arginine, where 
the inhibition was found to depend not on the pR only. 

. Histidine, and also histamine, which acts very like it, accelerate the haemo- 
lysis by sodium glycocholate, and also by sodium taurocholate. In this respect 
they are similar to most acid substances. The effect on glycocholate haemo- 
lysis has already been described (6), although in a non-quantitative way, for 
this lysin presents such a curious time-dilution curve as to preclude the applica- 
tion of the methods described in this paper. In the paper last quoted, an 
attempt was made to consider the acceleration due to histamine along with 
that shown by serum proteins when added to an existing hsemolytic system 
of bile salt and cells ; further investigations have led us to think that the two 
phenomena, though similar at first sight, are quite distinct in their mechanism 
and are better dealt with separately. As was shown in that paper, the effect 
of adding acid to the solutions of histamine used as accelerators was to increase 
the acceleration, while the effect of added alkali was to diminish the accelera- 
tion ; this is what might be expected, as the acceleration appears to be asso 
ciated with the pH. It was also observed that there was a great disproportion 
between the effects produced by a 1 in 2000 histamine and those produced by 
a 1 in 5000 solution, a fact which is interesting in view of the present observa- 
tions on the degree of inhibition due to different dilutions of arginine. It 
suggests that at the point where the disproportion occurs, a certain critical 
pR is passed, and that solutions of histamine more near to neutrality than this 
possess little or no accelerating action. In view of this later work, several 
of the hypotheses put forward in (4) to explain the results obtained by experi- 
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ment require revision, for it appears that tlie hseoiolytic systems under con- 
sideration were more complex than was realised at the time ; the experimental 
facts, however, for the most part stand unaltered. 

4. Aspartic Acid , — ^This amino-acid behaves much like glutaminic acid, 
as an accelerator of lysis by saponin, the bile salts, and the soaps. Quantitative 
work must be confined to the effect on the action of the first lysin, for sodium 
taurocholate is precipitated by the acid, and the fine opalescence interferes 
with the end-point ; the soaps likewise become opalescent, and no satisfactory 
results can be obtained with sodium glycocholate because of its curious time- 
dilution curve. With saponin and 1 in 2800 aspartic acid, we have obtained 
excellent values for the constants in the linear expression above described — 
indeed, this accelerator is one of the easiest to work with — ^the values being 
R = 0*27, h= O’ 015, while with half the quantity of accelerator the values 
were R=:0-35, 4=0*014. Even with such a low concentration as 1 in 
20,000 aspartic acid, acceleration can be observed, while concentrations greater 
than 1 in 2500 produce not only acceleration of saponin haemolysis, but lysis 
of themselves. Experiments with such concentrations are, therefore, better 
avoided. 

5. Potassium Chloride , — In most of the haemolytic systems hitherto con- 
sidered by us, the lysin and cells have been suspended in 0*85 per cent. ISTaCl. 
If some of the NaCl be replaced by another salt, the haemolytic system may 
show an alteration ; haemolysis may occur either more rapidly or more slowly 
than in the first system. In the case of Saponin and human cells, the replace- 
ment of Na by K results in an acceleration. 

This may be investigated by plotting the time-dilution curves for the two 
systems : (1) saponin 0*8 c.c., 0*85 per cent. NaCl 0*8 c.c., cell suspension 
0*4 c.c., and (2) saponin 0*8 c.c., M/6 *8 Ed 0*8 c.c., cell suspension 0*4 c.c. 
The tonicity of the two systems is the same — ^an important point — but in the 
second two-fifths of the Na content of the first is replaced by E. 

In a large number of experiments we have obtained the following values 
of R : — 0*8, 0*75, 0*77, 0*81, 0*79, 0*83. In conjunction with these, values 
for 4, lying between 0*003 and 0*006, have been obtained. The effect of the 
replacement of a part of the Na by E is thus fairly constant, although it varies 
a little with different cell suspensions. In this connection it may be pointed out 
that it is not to be assumed that because a certain quantity of K has a certain 
effect on the saponin lysis of human cells, that the sarde effect will be met with 
when the cells of some other animal are used. This supposition is a very com- 
mon fallacy, and is responsible for a considerable amount of confusion in the 
VOL. xcix.— B. 2 L 
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literature. Our experience of haemolytic systems leads us to believe that it 
is never safe to argue from results in one system to those in another, however 
slight the difference between the systems may appear. 

In order to show the type of graphical result obtained, the results of two of 
the experiments given above in full have been collected in the accompanying 
diagram, inspection of which will show how well the experimental points fall 
on the straight lines taken as describing the relations. To the figure two 
curves, obtained from an experiment in which the inhibitor was serum, have 
been added, for purposes of comparison. 



I. Sucrose, 2 per cent. — ^Inhibition. 

II. Acetic Acid, N/600 — ^Acceleration. 

III. Serum, 0*02 c.c. — ^Inhibition. 

IV. Serum, 0*0025 c.c. — Inhibition. 
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The Mechanism of the Inhibition. 

In tlie haemolytic systejas so far discussed there have been only three com- 
ponents — ^the cells, the lysin, and the added accelerator or inhibitor. The 
observations made on the action of the last component may now be amplified 
by the consideration of a method which indicates its mode of action. The 
essential point is to ascertain whether the accelerator or inhibitor acts on the 
lysin or on the cells ; in the case of the inhibition produced by serum, for 
example, evidence has been brought forward to show that the lysin is affected, 
but it cannot be assumed that the action of the substances described in this 
paper is similar, and special methods must be used for the investigation of the 
matter. 

The principle of the method used is an obvious one. The cells are allowed 
to remain in contact with the accelerator or inhibitor for a certain period under 
certain conditions, and are then brought into a haemolytic system m which none of 
the accelerator or inhibitor is present. If in this system there occurs acceleration 
or inhibition, this is taken as evidence of the effect of the accelerator 
or inhibitor on the cells themselves ; if the haernolytic system is the same as 
one of which untreated cells form a component, it is to be taken that the cells 
are not directly affected. In practice, the procedure is carried out as in the 
following description, in which the action of arginine bn saponin haemolysis 
will be taken as an example to be worked out in detail. 

1. Arginine and Saponin . — ^To 10 c.c. of 1 in 1000 arginine in saline is added 
5 c.c. of the standard cell suspension. The mixture is allowed to remain at 
25^ C. for thirty minutes, occasional stirring being advisable ; at the end of this 
time 10 c.c. of the mixture is transferred to a tared flask, grekt care being taken 
that the cells are uniformly distributed in the fluid. when the transference is 
made. The fluid from the flask is distributed into two centrifuge tubes, each 
of 10 c.c. capacity, and 5 c.c. of saline added to each. The contents of the 
tubes are centrifuged, the supernatant fluid pipetted off, and the cells together 
with the small amount of fluid which remains replaced in the tared flask. The 
tubes are washed out with several small additions of saline to remove all the 
cells, and the washings added to the flask. The 10 c.c. volume of this flask is 
then made up with saline, the cells thoroughly distributed throughout the fluid, 
and the suspension used for plotting time-dilution curves. 

Three curves are now plotted. The first is that of saponin acting on the 
untreated cell suspension. The second is obtained by adding to 0*8 c.c. of a 
series of saponin dilutions 1*2 c.c. of the mixture of cells and arginine which is 

2 L 2 
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left over from tlie 15 c.c. of mixture after withdrawal of the amount needed to 
fill the 10 c.c. flask. The proportion of cells and arginine solution forming the 
mixture is such that this corresponds to mixing 0-8 c.c. of each saponin dilution 
with 0 • 8 c.c. of arginine solution and 0*4 c.c. of standard cell suspension. The 
third curve is obtained by mixing with a series of saponin dilutions 1*2 c.c. 
of the suspension prepared from the washed cells. In each of these systems 
the quantity of cells is the same ; in the first the cells are untreated, in the 
second they are in the presence of arginine, in the third they have been treated 
with arginine, but this inhibitory agent has been washed away. 

Prom the plotted curves there is determined the value of E for the haemolytic 
system containing arginine, and the value of E^ for that containing the cells 
which have been treated with arginine and subsequently washed. As an 
illustration, the figures for one experiment may be given. 


Arginine -saponin -cell 

Saponin-washed cell 

. system. 

system. 


Cg. 


<52- 

0-066 

0-049 

0*066 

0-064 

0-050 

0-038 

0-050 

0-041 

0-040 

0-031 

0-040 

0-034 

gives. R =1-65 

gives R, =:= 1 

•4 

h = 0-005 

/fi =0-005 


In this experiment the concentration of the arginine added to the cells was 
1 in 1000, and the concentration acting on the cells was therefore 1 in 1600. 

This result shows that the effect of the arginine is on the cells themselves, 
for it persists after by far- the greater part of the inhibitor has been removed by 
the washing and re-suspension of the treated cells. The whole of the arginine 
is not, however, removed by this one washing, and it is necessary for us to 
know how much of it remains in the suspension of the washed cells. 

If a represents the quantity of fluid in which the cells are suspended before 
washing, and xq the concentration of inhibitor therein, the absolute amount of 
inhibitor is axQ, A quantity of washing fluid m is added, centrifuging carried 
out, and a quantity of fluid 6 left in contact with the cells. Then the amount of 
inhibitor in this fluid will be 



This will also be the amount of inhibitor in the suspension of washed cells. 
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In this case we have a = 10 c.c,, and a?o == 1 nulligramme per cubic centi- 
metre. The value of m is 10 c.c., and that of 6 may be estimated as not greater 
than 0'5 c.c. Hence = 0-25 milligramme — ^the amount of arginine in the 
fluid in which the cells are re-suspended, namely, 10 c.c. This gives the dilution 
of arginine in the washed cell suspension as 1 in 40,000, an amount which is 
negligible. So far as the inhibitory effect is concerned, it may therefore be 
taken that all the arginine is removed from the cells by the one washing. Any 
increased resistance of these washed cells is therefore due to some alteration 
produced in the cells during their 30-minute contact with the arginine. 

The removal of the inhibitor from the haemolytic system and the washing of 
the cells result, as the table shows, in a fall in the inhibition from a value of R = 
1 '56 to a value of = 1*4. To compare the inhibitory effects described by 

the two constants, we take the ratio ~~ expression which is correct 

only if h^Tci- When this condition is not fulfilled, the comparison is best 
done graphically. In this case the ratio is 0*8, and we may therefore conclude 
that of the total inhibition produced by the arginine, 0*8 can be explained by 
the effect on the cells themselves, while the remainder, 0*2 of the total, is 
unaccounted for. 

2. Sucrose and Saponin . — ^Proceeding in the same way, the effect of a lO per 
cent, sucrose on the cells was determined. The cells were allowed to remain 
in contact with the sucrose for 30 minutes at 15® C., and the effect of saponin 
on the mixture determined. The cells were then washed and re-suspended, 
and the effect of saponin again obtained. Comparison of the curves with that 
for saponin acting alone in the absence of sucrose gave R = 1*35, yfe = 0*004, 
R^= 1*3, ^1 = 0*004. Of the total inhibition produced by the sucrose, 
whose concentration in the haemolytic system was 4 per cent. (10 per cent, 
diluted 2 • 5 times), 0 * 9 can therefore be accounted for by an action of the sucrose 
on the cells, while 0 • 1 of the total disappears on the washing of the cells. 

It will be noted that the value of R obtained in this experiment is smaller than 
that given earlier in this paper for the same concentration of sucrose, but 
where the sucrose and the lysin were first mixed at 25® 0., and the cells added 
thereafter. The difference between the two results indicate that in this latter 
case the inhibition is only 0*72 of that in the instance previously mentioned ; 
this may be due to the different methods of mixing the components of the 
hsemolytic system in the two cases, but is more probably due to differences in 
the condition of the cells in the two suspensions. This discrepancy between 
the values of this constant emphask^ the fact that the value of R for a parti- 
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cular system is not invariable ; small variations in the figure occur, and the 
proper value must be determined on every occasion. 

3. Aspartic Acid and /Sajjomn.— The method outlined above can be applied 
equally well in the case of an accelerator. The accelerator is allowed to remain 
in contact with the cells in the absence of lysin for a short time, the cells then 
washed and re-suspended, and the effect of saponin upon them compared with 
the effect of that lysin on cells untreated with the accelerator. The following 
results were obtained for 1 in 3000 aspartic acid in contact with cells for 10 
minutes at 15° C. : — E = 0*31, = 0-004, Ri = 0*5, = 0-004. This 

means that of the total inhibitory effect of the accelerator, only 0 • 46 remains 
after the washing and re-suspension of the cells — ^a comparatively small figure. 
The effect of the aspartic acid is therefore, partly at least, on the cells themselves, 
a fact which might have been foreseen from the lytic action of the acid when in 
higher concentrations, 

5. Glutaminic Acids and Saponin . — In the case of glutaminic acid, acting on 
the cells for 10 minutes at 15° C. in concentration of 1 in 8,000, the following 
results were obtained for the acceleration before* and after washing the cells : 
R = 0*5, A = 0-006, R 3 l = 0-63, ^ 3 ^ = 0-006. Of the total inhibition, only 
0-58 remains after the washing of the cells, a small figure, as in the case of 
aspartic acid. 

In these experiments it will usually be found that there is a little scope 
in selecting the particular line which describes the relation between c^ and Cg, 
as this line is obtained graphically, for the application of the method of least 
squares is a refinement which is not only unnecessary but which leads to 
a spurious accuracy. Under these circumstances it has been our practice 
to select, if possible, a line which will make A = a simplification of subsequent 
calculation being thereby produced. Such a procedure is quite justifiible 
under most circumstances, but must, of course, be used with care and 
discrimination. 

In the same connection it may be observed that in experiments such as 
these, continual regard must be had to the extent of possible experimental 
errors. These errors vary in extent at different parts of the time-dilution 
curve, and an ability to assign to them their proper significance is therefore 
a matter of experience. It is, for example, a far worse error to observe 
1 -6 minutes as the time for complete haemolysis instead of 1-26 minutes, than 
it is to observe 9 minutes instead of 7 minutes ; the former error seems the 
smaller, but that it is much more serious may be seen at once by translating 
it from terms of time into terms of milligrammes of lysin acting. Or again, 
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if by tbe addition of one substance tlie time for complete lysis is lengthened 
from 1 minute to 3 minutes, and by the addition of another substance it is 
lengthened to 16 minutes, the second inhibition is only 1-6 times the first, 
despite the great delay in haemolysis. 

Such facts as these make the expression of an acceleration or an inhibition 
in terms of time very misleading, and unfortunately this is the method generally 
used. The only satisfactory way is to eliminate the time factor in the expression 
of the results, so that these are given in terms of the quantity of lysin necessary 
to produce the results observed. This method of expressing results is, however, 
one which requires familiarity before its value is appreciated. 

Summary. 

This paper is concerned with the development of a method for dealing with 
hsemolytic systems which contain substances which produce acceleration or 
inhibition. Four types of such effect are recognised : (1) the inhibition 
produced by plasma and serum, described by expressions which suggest an 
interaction between the plasma or serum and the lysis, not unlike those which 
occur in adsorption processes ; (2) the inhibition produced by certain bases, 
sugars and neutral salts, which are described by linear expressions ; (3) the 
acceleration produced by acids and by certain salts, also described by linear 
expressions ; and (4) the acceleration produced by plasma or serum when 
added to a haemolytic system in which the lysin is one of the bile salts or 
soaps. 

The first of these types has already been dealt with (1, 2), and this paper 
deals with types 2 and 3, which are the most generally met with. Type 4 
remains to be considered. 

With regard to types 2 and 3, the expressions necessary for their description 
are given, and the meaning of the constants therein considered. The object 
of the study being to investigate the kinetics of such haemolytic systems, 
little attention has been paid to the possible ways in which the accelerating 
or inhibiting substances may bring about their effects, the only observation 
: of note in this connection being that in the case of substances whose reaction 
is not a neutral one, the effect is not wholly dependent on the 

A development of the principal method is described, whereby the extent to 
which the accelerator or inhibitor can be considered as permanently affecting 
the cell component of the haemolytic system may be ascertained. By these 
means it has been found that many of the substances of types 2 and 3 affect 
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the cells themselves, their action thus differing from inhibitions of type 1, 
which affect the lysin. 

Little more has been done than indicate the very general applicability of 
these methods, and in subsequent papers it will be shown to what a variety 
of problems they apply. 

The expenses of this research were defrayed by a grant from the Carnegie 
Thrust for the Universities of Scotland, 
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The Isolation of Some Hitherto Undescribed Products of 
Hydrolysis of Proteins, — Part II. 

By S. B. ScHRYVEB, Professor of Biochemistry, and H. W. Buston, Research 
Assistant, Imperial College of Science and Technology. 

(Cbmmunicated by Sir John B. Farmer, P.R.S. — Received February 4, 1926.) 

The main object of the investigations described in this paper was the further 
development of the carbamate process ” for the separation of the hydrolysis 
products of proteins, already described by the authors,* and applied to the 
separation of the hydrolysis produces of gelatin by Miss H. L. Kingston and 
Schryver.f It has been shown that, by this method, the hydrolysis products 
can be fractionated into the following main groups : — 

I. Those products yielding barium salts insoluble in 70 per cent, alcohol ; 
tiiey consist entkely of dicarboxylic amino-acids. 

n. Those products yielding barium carbamates insoluble in ice-cold water. 
Two products only have, up to the present, been found in this fraction, 


* ‘Biochem. J.,’ vol. 15, p. 636 (1921). 
t * Bioohem. J.,’ vol. 1^ p. 1070 (1924). 
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yiz., glycine, and a base, hydroxylysine, isolated for the first time by the 
authors in conjunction with Dr. D, H. Mukherjee.* 

III. Those products yielding barium carbamates soluble in ice-cold water. 
The free amino-acids from this fraction could be divided into two sub-fractions : 
(a) a basic sub-fraction precipitable by phosphotungstic acid ; (J) a non-basic 
sub-fraction, not so precipitable. 

This last fraction (III, 6) contains the’ largest number of the mono-amino- 
acids, including leucine, valine, alanine, phenylalanine, pioline and oxyproline, 
and probably other substances. The results detailed below were obtained in the 
course of an investigation directed towards obtaining a systematic method for 
the separation of the constituents of this fraction. 

Emil Fischer, many years ago, called attention to the probability of “Sie 
existence of amino-acids, which at that time had not been isolated, and which 
still remained undiscovered when the authors commenced this work ; tihese he 
considered were likely to be found among the hydrolysis products of jAaat 
proteins. These remarks of Fischer have been emphasized by Prof. T. B. Osborne 
in his monograph. It was accordingly decided to cany out the investigatioBS 
on fraction III (6) with products isolated from plant proteins. 

In the first experiments the fraction was obtained from the aikali-soIuWe 
protein of oats and was prepared by Mr. D^ I. Evans, to whom the authors are 
indebted for the first materials used. The preliminary investigations reveided 
tihe existence in this fraction of certain amino-acids apparentiiy unlike in 
properties any of those hitherto described. The amounts present were s m al l , 
the nitrogen contained in them amounting to not more than about 4 per cent, 
of the total nitrogen, and it was found necessary to prepare them agtin from a 
relatively large amount of protein. 

The methods for preparing oat proteins as described in tibe lifemtma am 
extremely difficult to carry out, and by using them it would have taiim a 
very long time to prepare sufficient quantities for the sej^kratikm in leasonabfe 
amounts of the above-mentioned undetermined products. A mo^ed meliiod 
was therefore evolved which is described below. By Urn pjocess some 7S6 g. 
one protein were obtained from 18 kg. of oatmeal in the coiiise of Ifeioe or f our 
weeks. 

^ ike Oai Pwiem 

Fine o^meal, in sev^ai batdhes each of 360 g., was made into a thin paste 
wiih water, and stirred into 2,0^6 e.c. of 0 *4 per cent, caustic soda ; the mixture 

* Roy. Soe. B, ^ p. 58 {im). 
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was allowed to stand for about two tours, after wHct period tte starch in the 
oatmeal tad become gelatinized. Hydrochloric acid was carefully added to 
the mixture till the pH was restored to about 7, as indicated by bromo-thymol 
blue. A small amount of taka-diastase was well stirred in, together with a little 
toluene, and the whole kept for 24 hours at 37° in an incubator. By this time, 
the product had attained the consistency of a thin liquid, the starch having 
been hydrolysed. A little caustic soda was added to dissolve any separated 
protein, and the liquid filtered, first through muslin to remove coarse material, 
and then through a Sharpies centrifuge. A pale brownish, opalescent filtrate 
was thus obtained, from which a copious white precipitate was produced on the 
addition of hydrochloric acid. This precipitate of crude protein was removed 
on the Sharpies centrifuge, washed thoroughly with water, and then extracted 
for some hours with boiling 70 per cent, alcohol, to remove gliadin-like proteins. 
After this, it was again washed with water and extracted with 10 per cent, 
sodium chloride to remove nucleic acid (method of Clarke and Schryver). 

The protein was finally purified by dissolving in 0-2 per cent, caustic soda, 
filtering through paper-pulp and reprecipitating by dilute acid. It was dried 
by washing with graded strengths of alcohol and finally with ether. In all, 
18 kg. of oatmeal yielded 730 g. of dry protein, containing 14*4 per cent, 
nitrogen. 

The distribution of nitrogen in this product, as determined by Mr. D. I. 
Evans, was : — 

Per cent, of total N. 


Humin nitrogen 6-90 

Amide 12-31 

Diamino 21-91 

Non-basic 58-98 

Including — 

Non-amino N 11 -04 


The protein was hydrolysed with sulphuric acid, and the various fractions 
were separated by the usual “ carbamate method,” details of which are given 
in the previous papers of the authors and their collaborators. 

Investigation of the Moifvoamino Adis {Frad/ion III 6). 

The particular fraction to wMch attention ^ was confined was, as already 
stated, that designated III &. The free acids were obtained from this in the. 
usual way, the solution of them was evaporated to a syrup, and thrown into 
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alcoiLol. The solid obtained was extracted repeatedly with absolute alcohol 
in order to remove proline ; the creamy white powder remaining, weighing 
when dry some 200 g., contained 10*8 percent, nitrogen, and only a trace 
of ash. Attempts to fractionate this mixture further come under three 
main heads : — 

(а) by means of the picrates ; 

(б) by precipitation of the methylene-imino compounds of the acids by basic 

lead acetate ; 

(c) by means of the zinc (or cadmium) salts of the acids. 

Method (a), the use of the picrates led to no convenient method of separa- 
tion. The picrates were always obtained as a viscous syrup which dried to a 
hard mass, yielding nothing definite on extraction with various solvents. 

Method (6), precipitation with basic lead acetate in the presence of formalin, 
certainly led to the separation of leucine, in part. The method consisted in 
adding, to a fairly strong solution of the amino-acids, excess of formalin and a 
strong solution of basic lead acetate, so long as a precipitate formed. From 
this precipitate, leucine was isolated and identified. After removal of the 
first precipitate it was found that a further large precipitate was formed on 
standing for 24 hours. 

In using this method, the obtaining of the maximum precipitation pre- 
sented some diflSiculty. The amount produced depended on the concentration 
of formaldehyde present, rising to a maximum with addition of more foimdin, 
and then falling again as excess of formalin redissolved the precipitate first 
formed. On account of these difficulties of manipulation the experimenis were 
not continued further. 

Method (c), fractionation of the zinc salts of the amino-acids, led to a definite 
separation of some of the amino-acids present in the mixture. The method 
was as follows : The mixed amino-acids were dissolved in twelve times their 
weight of water, excess of freshly prepared zinc hydroxide was added and the 
liquid was boiled under a reflux condenser for about half an hour. The excess 
of zinc hydroxide was removed, washed and dried ; the filtrate, on evaporating 
on the steam-bath, formed crystalline crusts, which were removed befom the 
solution had evaporated to dryness. Finally, the liquid dried com|Jetely on 
the steam-bath to a pale yellowish syrup, containir® a ainount of cry- 

stalline matter ; on taking up with a little water, the crystals remained undb- 
solved and were added to the crusts previously sepaisated. The elation n^nain- 
ing was evaporated to a syrup and peciptated by ; the majpi: pa^rt 
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was thereby obtained as a dry powder showing little tendency to become 
sticky in the air. The alcoholic liquid was repeatedly evaporated to dryness 
and redissolved in alcohol till finally a product was obtained which dissolved in 
98-99 per cent, alcohol without residue. 

To summarize, then, the following fractions of zinc salts were obtained - 

(i) Insoluble zinc salts (with excess of zinc hydroxide). 

(ii) Sparingly soluble zinc salte. 

(iii) Zinc salts readily soluble in water, but precipitated by alcohol. 

(iv) Zinc salts soluble both in water and alcohol. 


The total nitrogen present in the fraction III h was distributed among the 


zinc salt fractions, thus : — 


Per cent, of Total. . 


Zinc salt (i) 2-5 

„ (ii) 26-9 

» (iii) 47-8 

» (iv) 20-4 


Each of these four fractions was decomposed separately with hydrogen 
sulphide, the free acid obtained being washed with alcohol and dried to con- 
stant weight at 100° in vamo over phosphorus pentoxide. Estimation of 
nitrogen in each fraction by Kjeldahl gave : — 

Acids from zinc salt : — 

(i) N = 10*11 percent. 

(ii) N = 10*51 per cent., 10*68 per cent. 

(iii) N = 12*41 per cent., 12*32 per cent. ' 

(iv) N = 11*11 per cent. 

These figures alone do not give much indication of the nature of each 
fraction, but they do indicate that, to some extent, a separation has been 
effected. 

A parallel series of experiments, using cadmium salts in place of zinc, gave 
a similar result, but here apparently the separation was less complete. The 
nitrogen percentage in the free acids varied from 10 • 10 per cent, in (i) to 11 ■ 71 
per cent, in (iii). 

An attempt was also made to purify the individual fractions further by the 
formalin — basic lead acetate method referred to above. Fractions (i) and 
(ii) were almost completely precipitated at once ; fraction (iii) showed only 
a small precipitate after standing for 24 hours ; fraction (iv) ^ve little imme- 



Isolation of Products of Hydrolysis of Proteins. 


481 


diate precipitate, but was found to be almost entirely precipitated after 
24 hours. These experiments were not followed up, but, combined with those 
made originally with the lead acetate-formalin method, they are suggestive. 

Investigation of the Four Fractions Obtained from the Zinc Salts, 

Fraction (i), — ^This product, which was only recovered from the excess of 
zinc hydroxide in very small amount, was not dealt with. Its nitrogen 
content given above, suggests a mixture of leucine (which it resembles in 
appearance and behaviour) and phenylalanine. 

Fraction {ii), — ^This fraction is somewhat sparingly soluble in cold water, 
and readily separates from a hot solution on evaporating in the pure white 
flakes characteristic of leucine. The nitrogen value given by Kjeldahl also 
suggests it to be fairly pure leucine. On combustion it gave the following 
figures : — 

(i) O' 1132 g. gave 0-2270 g. COg and 0-1027 g. HgO. 

(ii) 0-0970 g. gave 0-1951 g. COg and 0-0870 g. HgO. 

Found : — 0 == 54-70 per cent., 54-81 per cent. 

H = 10*08 per cent., 9-96 per cent. 

N 10-55 per cent., 10-58 per cent. (Kjeldahl). 

Calculated for leucine (OoHigOgN) : — 

C = 54-97 per cent., H = 9 * 99 per cent., N == 10 • 69 per cent. 

There seenas little doubt that this fraction contains only leucine. The 
fact that leucine gives a sparingly soluble zinc salt has, of course, been known 
for a long time. 

Fraction {Hi). — ^This, judging by the nitrogen content, and also by the 
figures obtained by combustion, appears to contain a number of amino-acids. 
No further attempts at separation have so far been made. The figures obtained 
for the analyses were : — 

(i) 0-1306 g. gave 0-2283 g. COg and 0-0986 g. HgO. 

(ii) 0-0847 g. gave 0-1439 g. COg and 0-0669 g. HgO. 

Found : — 

0 = 47-67 per cent., 47-49 per cent. 

H = 8 • 38 per cent., 8 - 99 per cent. 

N == 12-32 per cent., 12-41 per cent. (Kjeldahl). 

These figures suggest a mixture containing valine (C= 51-24 per cent., 
H = 9- 47 per cent., N = 11 -96 per cent.), and ala3aine (G = 40-42 per cent., 
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H= 7-93 per cent., N = 15-73 per cent.), but other amino-aoids are certainly 
present. 

Fraction (iv). — ^This again was obviously a mixture, and a method of sub- 
fractionation was found, based on the fact that one of the constituent amino- 
acids present gave a uopper salt insoluble in methyl alcohol. The mixed 
copper salts, prepared as usual by boiling the amino-acid solution with excess 
of fresh copper hydroxide, were carefully dried and powdered, and extracted 
in the cold with dried and fractionated methyl alcohol, till the extract was no 
longer blue. The insoluble residue was recrystallized from hot water, readily 
yielding deep violet-blue crystals (short prisms), which on exposure to the air 
for some time showed slight efflorescence, and on desiccation gave a grey-blue 
powder. The alcohol-soluble salt did not readily yield crystals from aqueous 
solution, being very soluble in water and only giving an indefinite cyrstalline 
mass on evaporation. 

The free acid was liberated in each case by means of hydrogen sulphide. 
That from the soluble coppr salt was again reconverted into its zinc salt, 
this being dissolved when quite dry in absolute alcohol, the very small insoluble 
residue being thus removed. The free acid was again prepared from this zinc 
salt and both acids were dried in vacuo over phosphorus pentoxidc. Of the acid 
yielding the insoluble copper salt the final amount obtained was 8-2 g. ; of the 
other 18-1 g. 

Add from the Insoluble Copper Salt. — The free acid formed white crystalline 
plates, moderately soluble in cold water, readily soluble in hot water, and 
insoluble in alcohol. The acid was optically inactive, as is usual with acids 
obtained by the carbamate process. Nitrogen was found by Kjeldahl to be 
11-64 per cent. An estimation by Prey’s micro-method (micro-Dumas) gave 
N = 11-71 per cent. Several combustions were carried out, on products, 
recrystallized from water, both by the usual method and by the micro-method 
of Pregl ; these may be summarized as follows : — 

(i) 0-1168 g. gave 0-1721 g. COj and 0-0810 g. HaO. 

(ii) 0-0642 g. gave 0-0952 g. COj and 0-0442 g. HgO. 

(iii) 0-003638 g. gave 0-005346 g. 00^ and 0-002516 g. HjO. 

Pound : C == 40-17 per cent., 40-44 per cent., 40-07 per cent. 

H =i 7 - 70 per «ent., 7 • 62 per cent., 7 - 68 per cent. 

N = 11 ■ 64 per cent. (Kjeldahl), 11-71 percent. (niicro-Dumas). 

These figures agree with the compound of empirical formula C 4 H 9 O 3 N, which 
requires C = 40-34 per cent., H = 7-56 per cent., N = 11-77 per cent. 
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An estimation of the carbon and hydrogen in the anhydrous copper salt 
gave figures in agreement with this, as shown below : — 

0*004055 g. Cu salt gave 0*004791 g. CO 2 and 0*002052 g. HgO. 

Found: 0= 32*22 per cent., H = 6*62 per cent.; calculated for 
(C4H803N)2 Cu, C = 32*55 per cent., H = 6*42 per cent. 

A determination of the equivalent by the Sorensen method of titration with 
alkali in the presence of formalin, gave the following result : — 

0 • 1205 g. of acid required 10 • 30 c.c. 0 * 1 N caustic soda giving an equivalent 
weight = 117. 

The equivalent was also determined by estimation of copper in the copper 
salt (using the anhydrous salt). The figures obtained were : — 

0*004055 g. anhydrous Cu salt gave, on combustion in oxygen, 0*001060 g. 
CuO, equivalent to 0*000847 g. Cu. Hence equivalent = 119*2. 

[The hydrated salt, separating from aqueous solution, and dried at ordinary 
temperature and pressure, loses 10*7 per cent, of its weight in giving the 
anhydrous salt. It therefore contains apparently 2 H 2 O in the molecule, i.e. 
Cu (C4H803N)2.2H20, this requiring a loss of 10*81 per cent, on dehydration.] 

A determination of amino-nitrogen by the van Slyke method showed that 
the whole of the nitrogen was in the amino form. 

A determination of the molecular weight of the acid by the cryoscopic method 
in aqueous solution gave : 

0*3342 g. dissolved in 50 c.c. of water gave a depression of 0*102° C. 

Therefore, molecular weight = 121*7. 

The above data would suggest that the product was a mono-carboxylic 
mono-amino acid of the formula C4H9O3N', i,e, hydroxyaminobutyric acid, 
the next higher homologue of the well-known amino-acid, serine (hydroxy- 
aminopropionic acid). In order to test this further, the benzoyl and the phenyl- 
isocyanate derivatives were prepared. 

(a) Benzoyl derivative. This was made in the usual way by shaking 
one gram of the amino-acid with about six grams of benzoyl chloride and an 
equivalent amount of caustic soda, added in small quantities at a time. The 
liquid was filtered and the benzoyl compound precipitated, together with 
benzoic acid, by acidifying with sulphuric acid. The precipitate was filtered at 
the pump and washed repeatedly with large amounts of warm water (50°~60° C.) 
to remove the benzoic acid. The residue was recrystallized from ether, when 
it formed fine white needles, insoluble in water and light petroleum, but soluble 
in ether, alcohol, etc. The m.p. of the crystals was 112°. 
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Carbon and hydrogen were estimated by micro-combustion, and nitrogen 
by micro-Dumas : — 

(i) 0-003720 g. gave 0-009031 g. COg and 0-001748 g. HjO. 

(ii) 0-004197 g. gave 0-145 c.c. nitrogen at 13° C. and 759-6 mm. 

Found : C = 66-20 per cent., H = 5-22 per cent., N = 4-16 per cent. 

Calculated for 

C 4 H 8 O 3 N (CfiHsCO) C = 59-20 per cent., H = 5 -83 per cent., N= 6-27 
per cent. 

C 4 H 7 O 3 N (C 6 H 5 C 0)2 : — C = 65-92 per cent., H = 5-19percent., N = 4-28 
per cent. 

The derivative would thus appear to be the dibenzoyl compound, as one 
would expect from a hydroxyamino acid. 

( 6 ) Phenylisocyanate derivative. This was obtained by shaking up 0-7 g. 
of the acid with 1 c.c. of phenylisocyanate and 15 c.c. of normal caustic soda. 
After filtering, the derivative was precipitated with dilute acid and removed 
after standing for some hours in the cold. It was recrystallized twice by 
dissol-ving in a very little absolute alcohol and adding excess of hot water ; 
on standing for some hours in the ice-chest, a deposit of fine crystals was found 
at the bottom of the liquid. These were removed and dried. They wore 
insoluble in water, but easily soluble in ether and alcohol. Their m.p. was 
found to be 143° C., but darkening began to occur at 120 ° 0. 

Carbon, hydrogen, and nitrogen were estimated by micro-methods — 

(i) 0-002212 g. gave 0-004485 g. CO 3 and 0-001329 g. H 2 O. 

(ii) 0-002954 g. gave 0-006006 g. CO 2 and 0-001602 g. H 2 O. 

(iii) 0-002473 g. gave 0-248 c.c. nitrogen at 19° and 768 mm. 

(iv) 0-003744 g. gave 0-378 c.c. nitrogen at 16° and 759 mm. 

Foimd : C = 55-29 per cent., 55-41 per cent. 

H = 6-01 per cent., 6-02 per cent. 

N == 11-94 per cent., 12 '01 per cent. 

The phenylisocyanate of hydroxyaminobutyric acid would have a formula 
which requires C = 55-46 per cent., H = 5-88 per cent., N = 
11-77 percent. It seems, therefore, to be established that this amino-acid 
is a hydroxyaminobutyric acid, C 3 H 5 (OH)NH 2 COOH. The position of the 
hydroxyl and amino group is not established. 
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Some months ago, Gortner and Hofmann* isolated from the protein teozein, 
by precipitation of the hydrolysis products with phosphotungstic acid at 
—15° C., an amino-acid which they considered was possibly of this constitution. 
The product isolated by them contained 28 per cent, of ash, and, allowing 
for this, was found to contain C = 39‘93 per cent., H= 9-09 per cent., and 
N= 12'00 per cent. They prepared the phenylisocyanate, and quote one 
analysis of this, viz., C = 65-40 per cent., H = 5-26 per cent., N = 11-93 
per cent. This derivative had a m.p. = 141° C. These analyses do not agree 
very closely with those required by hydrosyaminobutyrie acid. It may 
further be pointed out that the values calculated by these workers for the 
C and H content correspond with the formula C11H13O4K2, and not, as they 
state, with CiiHi404N2, and that the formula of hydroxyaminobutyric acid 
is repeatedly given as C4HJ1O3N, instead of C4H»OsN. 

Add from the Soluble Copper Sail.— This product was similar in appear- 
ance and behaviour to that described above, but was rather more soluble in 
cold water. Nitrogen was found by Kjddahl to be 10-40 per cent., and by 
micro-Dumas, 10-61 per cent., being again wholly in the amino form. The 
equivalent of the acid was determined by Sorensen titration, and the molecular 
weight by the cryoscopic method : — ^ 

0-3480 g. required 26-0 c.c., 0-1 N caustic soda, giving equivalent = 133-8. 

0-2766 g. in 50 c.c. of water gave a depression of freezing point = 0-076° C. 

Hence molecular weight == 134-9. 

Combustions, both on the ordinary scale and by the Pregl micro-methods 
were carried out, giving: — 

(i) 0-0775 g. gave 0-1277 g. COj and 0-0666 g. HjO. 

(ii) 0-0869 g. gave 0-1437 g. CO2 and 0-0645 g. H2O. 

(iii) 0 - 003912 g. gave 0 - 006846 g. CO2 and 0 - 002972 g. H2O. 

Found : C = 44-93 per cent., 46-11 per cent., 46-22 per cent. 

H = 8-13 per cent., 8 - 25 per cent. , 8-44 per cent, 

N = 10-40 per cent., 10-61 per cent. 

These figures give an empirical formula of O5H11O3N, which requires 
C = 45-11, H = 8-27, N = 10-53 per cent. 

The benzoyl and phenyfisocyanate derivatives were prepared as in the 
case of hydroxyaminobutyric acid, and by the same methods. The former 
was aimilaT in properties to that described above ; it was slij^tly soluble in 

* * J. Amer. Chem. Soc.,’ vol. 47, p. 580 (1026). 
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petroleum ether. The m.p. was found = 117“ C. The following figures were 
obtained on analysis : — 

(i) 0‘003318 g. gave 0*008155 g. COg and 0*001627 g. HjO. 

(ii) 0*004179 g. gave 0*141 c.c. nitrogen at 14° C. and 769 mm. 

Found : C = 67*04 per cent., H = 5*46 per cent., N = 4*06 per cent. 

The dibenzoyl compound G 6 H 90 sN(C 6 H 6 C 0)2 requires : — 

0 = 66*86 per cent., H = 5*57 per cent., N = 4*11 per cent. 

The phenylisocyanate melted at 145° C., and gave the following figures on 
analysis : — 

(i) 0*003688 g. gave 0-007491 g. COj and 0*002140 g. HgO. 

(ii) 0*004660 g. gave 0*009526 g. COg and 0*002739 g. HgO. 

(iii) 0*003316 g. gave 0*314 c.c. nitrogen at 20° C., and 768 mm. 

Found : C = 56*92 per cent., 56*98 per cent. ; H = 6*58 per cent. ; 6*67 
per cent., N= 11*24 percent. 

The phenylisocyanate of CsHnOgN, having the formula CigHieOiNg, requires 
C= 67*15 per cent., H = 6*36 per cent., N= 11*11 per cent. 

These analyses of the free acid and its two derivatives establish it to be a 
hydroayamino acid, of the formula CsHuOgN, corresponding with hydroxy- 
valine, O 4 H 7 (OH) NH 2 COOH. The position of the substituent groups has yet 
to be determined. 

There seenos to be evidence of the existence of other undescribed substanc^i 
amongst the hydrolysis products of this oat protein. The authors have 
obtained, in appreciable quantity, a strongly basic substance which is readily 
soluble in alcohol, and does not apparently correspond with any of the usual 
hydrolysis products. 

Summary. 

From the hydrolysis products of one of the oat proteins (of which a new 
method of preparation is given) two hitherto undescribed amino-acids have 
been obtained. They were isolated by means of the authors’ “ carbamate 
method ” and were found in the non-basic fraction of the soluble barium 
carbamates. These latter can, by means of the zinc salts, be separated into 
three main fractions : (a) a fraction (zinc salts) only slightly soluble in cold 
water, and yielding only leucine ; ( 6 ) a fraction easily soluble in cold water, 
but insoluble in alcohol, yielding chiefly alanine and valine ; (c) a fraction 
soluble in both cold water and alcohol. 
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The last named contained two amino-acids, which could be separated by 
taking advantage of the fact that one gave a copper salt insoluble in methyl 
alcohol, and the other a copper salt soluble in this solvent. The former has a 
formula corresponding with hydroxyaminobutyric acid C 4 H 9 O 3 N, and gave 
a dibenzoyl compound, m.p. 112 °, and a phenylisocyanate compound, 
in.p. 143°. The other amino-acid has a formula corresponding with hydroxy- 
valine C 5 H 11 O 3 N, and gave a dibenzoyl compound, m.p. 117°, and a 
• phenylisocyanate compound, m.p. 145°, 

There is evidence of the presence of other undescribed substances among the 
hydrolysis products of the oat proteins. 

The above work formed part of the general scheme of research on the 
proteins carried out under the auspices of the Adhesives Committee of the 
Department of Scientific and Industrial Eesearch. 
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Introductory. 

Organs of internal secretion may conveniently be considered as belonging 
to one of two groups. In the one the secretory product is continuously being 
poured into the circulation, the physiological condition which we are pleased 
to. call normal being dependent on this occurrence for its very maintenance. 

2 M 2 
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In the other group secretory activity is called into play only in conditions of 
stress when the normal physiological balance is upset to an abnormal degree, 
the extent of the activity being delimited by the return of the organism to its 
previous physiological condition. 

There are three methods of experimental approach to the study of internal 
secretion, each of which by itself can furnish unequivocal evidence for the 
actual or potential secretion by a particular organ of some specific product into 
the blood stream during life. In the first case the arterial and venous bloods 
of the organ in $Uu or artificially perfumed are subjected to chemical or biological 
assay : witness the secretion of sugar by the liver (1). In the second case the 
smallness of the organ or its inaccessibility, or both, preclude the possibility 
of dealing directly with its arterial and venous supply and return. Attention is 
therefore directed to analyses of the arterial and venous bloods of a larger volume 
of tissue containing the organ in question, supplemented by control analyses 
of the bloods after its operative removal : witness the secretion of adrenalin 
by the suprarenals (2). In the third case removal of the organ from the whole 
animal is undertaken, the signs and symptoms elicited by this means are noted, 
and the capability either of extracts of the organ under examination or of the 
gland substance to counteract these signs and symptoms, is tested : witness the 
secretion of thyroxin by the thyroid (3), and of insulin by the pancreas (4). 

In the case of the pituitary body, physiologists have up to the present time limited their 
investigations on the function of this organ to the third method of experimental approach* 
This has recently met with success in some of the lower animals. In mammals, however, 
the results obtained after operative interference on the pituitary body and its neighbourhood 
have been varied and inconstant. We may correlate this fact with the intimate association 
which exists between the pituitary body and the base of the brain, making complete 
experimental removal impossible without extensive injury to the brain (Staderini (5), 
Tilney (6) ). It is natural, therefore, that there should be disagreement as to the interpreta- 
tion to be put upon the results of experimental removal, partial or complete,” some 
experimenters incriminating functional impairment of the pituitary body, others injury 
to the base of the brain as being responsible for the particular signs following the operation. 
Whichever view is taken, we must conclude that it has not been proven that the pituitary 
body plays an essential part in the production of these signs. 

One sign which has sometimes been reported as following experiments on pituitaiy 
removal in mammals, and which recently has attracted considerable attention is polyuria. 
Vassale and Sacchi (7) reported it in some of their experiments and noted the low specific 
gravity of the urine. Pironne (8) on the other hand, states that the urine was normal in 
quantity in those dogs from which he had removed the pituitary body. Gemelli (9) 
observed it frequently during the first five to six days following “ total ” ablation. Patdesco 
(10) made no comment on the urinary output in his experimental animals. Crowe, Cushing 
and Homans (11) state that following total hypophysectomy in adult dogs the xirinary 
output diminishes to anuria. In puppies, on the other hand, a transient polyuria was often 
observed and this was also frequently the case in those animals in which the pituitary stalk 
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was divided, and in those in which the anterior lobe was partially, or the posterior lobe 
completely, removed. Dean Lewis (12) also observed polyaria following injury to the 
hypophysis by the buccal route in 9 out of 18 dogs on which he experimented. In 1912, 
Frank (13) drew attention to the relations of the hypophysis to diabetes insipidus, and in 
the following year Von den Velden (14) showed that the polyuria of this disease could be 
completely controlled by subcutaneous injections of pituitrin. 

The importance of the study of the polyuria sometimes resulting from operative inter- 
ference on or in the neighbourhood of the pituitary body, lies in the possibility of its leading 
to a definite conclusion as to whether this polyuria, and presumably that of diabetes insipidus, 
is or is not due to a diminution in the hypothetical internal secretion of the pituitary body. 
At present both experimental and clinical evidence is notoriously eq[uivooal on this subject. 
On the experimental side we have the evidence of Camus and Roussy (15) that the polyuria 
is due not to ablation of the hypophysis, but to a superficial lesion of the base of the brain 
in the optopeduncular space. This experience is acquiesced in by Houssay (16), Leschke ( 17 ) 
and Bailey and Bremer (18) as a result of their own experimental researches. Indeed, 
Camus and Boussy {he. cit) and Leschke (loc. cit) are agreed that extii^pation of the whole 
hypophysis (dogs — ^palatal route) does not produce polyuria if the brain base is avoided. 
On the clinical side Leschke {loc. dt) has collected many cases in which destruction of the 
whole hypophysis by tumours, syphilitic and tuberculous disease, and cysticercus oellulosse, 
have not been accompanied by diabetes insipidus, whilst pathological processes involving 
the brain base in the optopeduncular region have been so accompanied. All these observers 
attribute the polyuria to a disturbance of the regulating function of the hypothalamus as 
regards the output of water and salts by the body. On the other hand, we have the preaenoe 
in this region of a body from which an extract can easily be prepared which inhibits in the 
vast majority of oases the diuresis of diabetes insipidus whether clinical (Von don Velden 
{he. cU.)f Latson, Weir and Bowntree (19), Maranon (20), Blumgart (21) ) or experimental 
(Bailey and Bremer {he. eit.). Camus and Boussy (22), however, state that the immediate 
polyuria following a lesion in the optopeduncular space in dogs is not controlled by pituitary 
extract, and that in the permanent experimental polyuria the results of opotherapy are 
injBonstant, without lasting effect, and not specific. 

It may be pointed out that a polyuria resulting from injury to, or disease in the hypo- 
thalamic region does not preclude the possibility of the hypophysis being concerned in its 
production. The only positive proof of its non-intervention would be the production of 
a polyuna as the r^ult of an injury in this region subsequent to complete ablation of the 
pituitary body. Camus and Roussy (23) claim to have shown that this is so, but, as has 
already been pointed out, the anatomical disposition of the body absolutely precludes its 
complete removal without coincident injury to the brain. It may further be pointed out 
that the impotence of pituitrin to inhibit the polyuria in certain oases cannot be accepted 
as evidence against the hypophyseal etiology of this condition, unless the activity of the 
preparation is concurrently controlled by positive results on other cases. One must agree, 
however, with Bailey (24) that it is not yet proven that pituitary extract is the secretory 
product of the pars posterior, or indeed of any other part of the pituitary. 

In 1925 Starling and Verney (25) published the results of their experiments 
on the secretion of urine as studied on the isolated mammalian kidney. They 
showed that when the dog’s kidney was perfused by means of a heart-lung 
preparation, the urine gradually acquired the characters of that seen in expeii- 
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mental and clinical diabetes insipidus, namely, a large output of water, low total 
tonicity, and low chloride percentage. The addition of pituitary extract to the 
circulating blood inhibited the polyuria in a dramatic fashion, and at the same 
time caused a marked rise in the percentage output of chloride and sometimes 
even in the absolute output. This effect invariably occurred, whilst every other 
means adopted to lower the urine flow, such as lowering the blood pressure or 
the addition of adrenalin, failed to bring about a concomitant rise in the urinary 
chlorides, a fall in blood pressure indeed causing the urinary chlorides to fall. 
The action of pituitrin was, therefore, regarded as being specific, and the 
su^estion was made that in the normal animal a pituitary principle or principles 
were being continually added to the blood by the tissues, and that the characters 
of the nrinft secreted by the isolated organ were due in large part to their 
absence. 


A. — ^Experimental Method. 

Experiments have, therefore, been performed with the object of substantiating 
or disproving this suggestion. The method adopted is in principle extremely 
simple, and falls into the second category of the methods enunciated in the 
b^mning of this paper as affording unequivocal evidence of potential internal 
secretion. 

A heart-lung-kidney is prepared and the effect on the quantity and com- 
position of the urine of switching various parts of the tissue of another dog into 
perfusion-parallel with the kidney is observed. By the term perfusion-parallel 
in this paper is to be understood the diversion of some of the blood from the 
arterial side of the heart-lung to the particular tissue perfused, the efferent blood 
from this tissue being led back to the venous side of the heart-lung and so 
teaching eventually the isolated kidney, which is also connected with the arterial 
side of the heart-lung. The isolated kidney is, therefore, used as a test object 
by means of which the blood passing through it may be biologically assayed as 
to its content in pituitrin-like substances. Four series of experiments have been 
performed. In the first series the head and neck, with or without the right 
fore-limb, have been perfused in parallel with the kidney ; in the second series 
the hind legs and pelvis ; in the third the head and neck after exposure of the 
pituitary body, and in the fourth the head and neck subsequent to removal of 
the pituitary body. 

The apparatus used is shown diagrammatically in fig. 1. A B C on the left- 
hand side represents the heart-lung preparation of Starling (26). From the 
arterial side of this preparation the blood passes to a Y-piece D. Some of 



Secretion of Pituitrin in Mammals. 


491 


the blood flows by the lower limb of the Y through the warming coil E to a 
cannula E supplied with a thermometer and inserted into the renal artery of 
the kidney G. H represents a cannula placed in the ureter so as to allow 
the urine secreted to be collected for subsequent measurement and analysis. 
The venous blood from the kidney is collected ma the graduated vessel L in 
three Dewar flasks 0, 1 and % and from these the blood is poured successively 
back to the venous reservoir A. The vessel L furnished below with a pinch-cock, 
allows the blood flow through the kidney to be accurately determined at any 



moment. The remainder of the arterial blood from the heart-hang passes by 
the upper limb of the Y-piece D via a warming coil N to a large bore three-way 
tap P. When P and R are turned through 180^ from the position shown in 
the figures, the blood passes via the tube S to a graduated reservoir T, from 
which it flows via the tap R and tube U V back to the venous reservoir of the 
heart-lung. A screw clip 0 regulates the quantify of blood shunted through T 
and at the same time affords a rapid means of adjustment of the pressure of 
the blood supply to the kidney, which is measured by a Hg. manometer at M. 
A screw clip U controls the quantity of residual blood in T : Y is a vessel so 
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placed that it can collect any overflow of blood from T shonld this vessel become 
overfilled from maladjustment of the screw clips 0 and U. A'* represents the 
ventral surface of a dog’s head, and the heart of the animal is shown at 
The cannula X supplied with a thermometer is shown pointing distally from, the 
heart and tied into the brachiocephalic trunk. It is connected with the third 
limb of the tap P. The cannula K is inserted into the superior vena cava and 
communicates in similar fashion with the third limb of the tap R. The clip W 
affords a means by which the venous blood from the head may be collected in the 
period during which the head is being washed through with arterial blood, 
preparatory to the blood being allowed to flow back to the heart-lung r(\servoir. 
The shunt 0 P S T R U V is for the purpose of maintaining a blood flow through 
it approximately equivalent to what experience has taught as to the flow to be 
expected through the head A'. It further obviates any gross changes of 
pressure and temperature at the renal caimula when the head is switched into, 
and later out of the circuit. Consequently when the cannula X and K are in 
position the head may he substituted for the shunt by simply turning the tap P 



Fio. 2. Blood pressure at renal arterial cannula. At A the legs and pelvis were switched 
, into parallel with the kidney and at B were switched out of the circuit. Tracing froin 
the experiment recorded in fig. 7. 
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Fig. 3.— A*— b.p. at renal cannula. B.— Femoral b.p. of dog on right of fig. 1. At F 170 mgms. heparin given intravenously. At C 
the head and neck were switched into perfusion-parallel with the kidney, and at E were switch^ out of the circuit. D. — Sample part of 
b.p. trace in the interval between 0 and E, Time marking = 30 seconds. This record is taken from the experiment illustrated in fig. 8 (g.v.). 
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through 180°, the tap W being open. Any small change of pressure at the 
kidney is then rapidly overcome by manipulating the clip 0, and in this way the 
necessity of altering the arterial resistance C or the venous inflow of the 
heart-lung preparation is avoided. The extremely small nature of the dis- 
turbance of the renal blood pressure when the legs or head of the animal are 
switched into and out of perfusion-paraEel with the kidney, is demonstrated in 
figs. 2 and 3 respectively. 

The first 400 to 600 c.e. of blood perfused through the head are collected 
at W and discarded. By appropriately turning the tap B the superior vena 
caval cannula K is connected directly via U and V with the venous reservoir 
of the heart-lung, and the effect on the kidney of shunting part of the blood 
through the head is noted. After an appropriate interval the taps B and B 
are returned to their original position, and the urine collected over a further 
period under these altered conditions. 

The animal A'B', the taps B and B, and the top of the venous reservoir A 
are on the same level, the heart-lung table being 26 cm. below the table on which 
the dog A'B' is placed. 

In those experiments in which the lower limbs and pelvis have been switched 
into perfusion-parallel with the kidney, the identical apparatus is used, the 
cannula X being inserted distaUy into the aorta just above its bifurcation and 
K similarly placed alongside of it in the inferior vena cava, In all the experi- 
ments the heart-lung was ventilated with air. The renal blood pressure was 
registered on a kymograph, as was also the blood pressure in the femoral artery 
of the animal A'B'. The hsemoglobin concentration of the blood was estimated 
as HbCO colorimetrically. The urinary and serum chlorides were determined 
by the method of Millard Smith (27). 

In the figures of this paper where the urine flow is charted, the time at which 
the flow is recorded is the mean time of the interval through which the particular 
sample of urine is collected, In the same way the blood-pressure figure is the 
mean pressure for the corresponding mterval, and is obtained from measurement 
of the pressure trace at the end of the experiment, 

B. — Experimental Technique and Bbsults. 

Series I. — The effect on the urinary secretion of the isolated kidney of swUchi/ny 
the head-neck into yeifurion-paraUd with it. 

Five dogs were, as a rule, used for each experiment. Two were bled to death 
under morphia (1 mgm. morphine tartrate per kUo.) and C. and E. anaesthesia, 
and the blood defibrinated. A third animal was then taken, a pteliJhinary 
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dos 0 of morphia and C. and E. given and chloralose injected intravenously in 
a dose of 0-1 gm. per kilo, body weight. 

A tracheal cannula was inserted, artificial respiration established, the chest 
opened, the phrenic nerves excised, and the left subclavian and brachiocephalic 
arteries and the superior caval and azygos veins isolated and loose ligatures 
passed around them. The blood pressure was recorded from a cannula in the 
right femoral artery, and thfe animal then defibrinated by bleeding from the 
left femoral artery and allowing defibrinated blood to flow via a warming coil 
into the external jugular vein at such ja rate that the animal’s blood pressure 
was maintained fairly constant. Defibrination was not always pushed to com- 
pletion, incoagulability of the total blood being sometimes attained by injecting 
100 to 150 mgms. of heparin intravenously after a preliminary lavage of the 
animal with a litre of defibrinated blood. 

A fourth dog was then anaesthetised with chloralose after a preliminary dose 
of morphia and C. and E., bled to the extent of 300 c.c., and 350 c.c. warm 
normal saline injected intravenously. A cannula was placed in the left ureter 
and the left renal artery exposed, a ligature being inserted loosely around it. 

A fifth dog was used in the preparation of the heart-lung, the kidney of the 
fourth dog excised and perfused as described in the paper by Starling and 
Vemey (he. dt), A little urea was often added to hasten the urine flow. When 
the polyuria was well established, the caimulae X and K were inserted and the 
left subclavian artery and azygos vein ligatured, as was done by Starling and 
Anrep (28) in their experiments on the central and reflex regulation of the 
circulation. 

When approximately 500 c.c. of blood had been washed through the head, the 
tap R was turned and W closed so that the blood from the head now ran back 
to the heart-lung. In fig. 4 the results of one experiment of this series are 
charted. About 2,500 c.c. of blood were circulating at the beginning of the 
experiment, and 2 gms. of urea were added to the blood. 

The initial polyuria and fall in the urinary chloride are well shown. At G 
the head and neck were switched into perfusion-parallel with the kidney, 600 c.c. 
of blood being washed through the head and discarded before allowing its 
return to the venous reservoir of the heart-lung. The efficacy of washing was 
shown by there being no abnormal rise in the Hb per cent, of the circulating 
blood as a result of switching-in the head, although the relative Hb concentration 
of the blood of the head-dog was 133 per cent. It is clear from the figure that 
switching-in the head caused a marked and ingravescent fall in the output of 
water and a less marked rise in the urinary chloride percentage. The flow through 



496 E. B. Verney. 

the head was 215 c.c. per minute, the temperature and pressure of blood supply 
being 38^^ and 88 mm. Hg respectively. At H the head was switched out of the 
circuit, and there commenced, after a latent period of 26 minutes, a renewed 
polyuria accompanied by a progressive fall in the urinary chloride. The blood 
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Fig. 4 . — A ^ Temp, of blood at renal cannula. B “ Hb per cent, of blood, relative to 
the initial sample. C = Renal blood flow in c.c. per min. I) = B.P. in mm, Hg 
in renal artery. At “ G head, neck and right fore-limb were switched into perfusion 
parallel with the kidney, and at “ H ” were switched out of the circuit. E =» Urine 
flow in c.o. per 15 min, F = Urinary Chloride (as NaCl) in mgms. per cent. 


was well oxygenated throughout the experiment, and no pulmonary oedema 
supervened. The kidney weighed 44 gms. and showed no abnormality on 
macroscopic examination. The urine samples were clear and contained no 
protein excepting a minute trace which was present in the first and secCmd 
samples. It is further to be noted that there was a small diminution in blood 
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flow througli the kidney (from 146 to 130 o.c./min.) when the head was switched 
into the circuit, and thatthis gradually increased again up to 143 c.c./nnn. when 
the head was switched off. 

Fig. 6 illustrates the results of a similar experiment. About 2,500 c.c. of 



Timeo I5 30 45 60 IS 30 45 60 l5 30 


0 1 2 

Fig. 5. — = Temp, of blood at renal cannula. B = Hb per cent, of blood, relative to 
the initial sample. C = Benal blood flow in c.o. per min. D = B.P. in renal artery 
in mm. Hg, At “ G ” head, neck and right fore-limb were switched into perfusion 
parallel with the kidney, and at “ H ” were switched out of the circuit. E == Urine 
flow in C.C. per 15 min, F = Urinary Chloride (as NaCl) in mgms. pm? cent. 

blood were circulating at the beginni n g of the experiment and 3 gms. of urea 
were well mixed with this. 

The head, neck and right fore-limb were washed through to the extent of 
750 c.c. before allowing the blood issuing from the superior vena cava to return 
to the venous reservoir. The Hb percentage of the blood of the head-dog 
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just before switching over was 121 per cent., that of the 750 c.c. of washings 
wasl02 percent., and from, the figure it will be seen that the return of the venous 
blood from the superior vena cava was unaccompanied by any change in the 
percentage of Hb in the circulating blood of the preparation. The blood flow 
through the head, neck and right fore-limb was 263 c.c,/min. and the temperature 
and pressure of the blood supplied via the brachiocephalic artery were 38® C. 
and 100 mm. Hg respectively. It will be seen that switching the head into 
the circuit produced a marked and ingravescent fall in the urinary flow, and an 
equally well-marked and ingravescent rise in the percentage of chloride in the 
urine. In this experiment indeed there was actually a rise in the absolute amount 
of chloride excreted during the period G to fe, compared to that excreted 
immediately before switching the head into the 'circuit. At H the head and 
neck were switched out of the circuit, the blood now passing back via the shunt 
S T (fig. 1) to the venous reservoir. After a short latent period it is seen that 
the polyuria returned and the urinary chloride began to fall again. Further, 
it is to be noted that a small diminution in renal blood flow again resulted from 
the passage of the blood through the head of the animal — 143 to 130 c.c. /min. — 
and that this recovered to 150 c.c./min. during the second polyuria, and reached 
a figure of 190 c.c./min. by the end of the experiment. The blood pressure 
at the renal cannula was constant throughotit. The kidney weighed 60 gms. and 
macroscopicallyappeared somewhat oedematous. The blood was well oxygenated 
throughout the experiment and no pulmonary oedema occturred. The merest 
trace of Hb was present in all the urine samples. 

A farther experiment of this series is sxunmarised in Protocol 1. 

These experiments prove conclijsively that the blood of the heart-lung- 
kidney preparation, when perfused through the head-neck and right fore-limb 
of another animal, picks up some substance which reacts on the kidney in a 
manner qualitatively identical to that of pituitrin. 

Series II. — The ^ect on the tmnary secretion of the isolated Udmy of switching 
the pelvis and lower li/nihs into perfusion-parciUel with it. 

The method adopted in this series was exactly analogous to that used in the 
first series of experiments. The chest of the animal, however, was not opened. 
The left carotid artery was exposed and a tracheal cannula inserted. Kespira- 
tion was natural. After opening the abdomen the pelvic colon was divided 
between ligatures, and the lowest parts of the abdominal aorta and the inferior 
vena cava exposed. All neighbouring branches and tributaries of these vessels 
were then ligatured. The animal was defibrinated via the external jugular 
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vein and left carotid artery, and double ligatures placed loosely around the 
aorta and inferior vena cava just above their divisions. A mercury valve 
adjusted to a pressure of 102 mm. Hg was connected with a cannula in the left 
carotid artery pointing towards the heart. This valve was brought into opera- 
tion just before switching the legs into perfusion-parallel with the kidney, so 
that the animaFs blood pressure was automatically not allowed to rise above 
102 mm. Hg. 

The results of one experiment are charted in fig. 6, At H the lower legs and 
pelvis were switched into the circuit by inserting the cannulse H and K (fig. 1) 
into the aorta and inferior vena cava respectively. 350 c.c. of blood were washed 



Fia. 6. — = Temp, of blood at renal cannula. B = Hb per cent, of blood, relative to 
the initial sample, C = Serum Chloride (as NaCl) in mgms. per cent. D = Benal 
blood flow in c.c. per min. E = B.P. in renal artery in mm. Hg, At H ” hind 
legs and pelvis were switched into perfusion parallel with the kidney, and at “ K ” 
were switched out of the circuit. F = Urinary Chloride (as NaCl) in mgms per cent. 
G = Urine flow in c.c. per 15 min. 
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tlirougli before allowiDg the return, blood from the inferior vena cava to pass 
back to the venous reservoir of the heart-lung. At K the legs and pelvis were 
switched out of the circulation. It will be observed that the passage of the 
blood through the legs of the animal had no appeciable effect on the rate of 
urine flow from the isolated kidney or on its chloride content. The blood flow 
through the legs and pelvis at time 0‘60' was 94 c.c./min. and at 0-58' 91 
c.c. /min. The temperature and pressure of the blood supply to the legs was 38° C. 
and 113 mm. Hg respectively. The mercury valve was inserted in the carotid 
in order to maintain the blood pressure of the non-perfused part of the animal 
at a figure below that of the pressure of supply to the legs. Any risk of blood 
passing by small anastomotic channels from the top of the animal to the perfused 
part and so eventually reaching the kidney was in this way excluded. It will 
be seen that there was no diminution in blood flow through the kidney as a 
result of switching the legs into the circuit. The kidney weighed 36 gms. and 
was normal on macroscopical section. The blood was well oxygenated 
throughout and no pulmonary oedema supervened. All the urine samples 
were clear and contained no protein. 

. Objection might be taken to this experiment on the score that the blood 
flow through the legs and pelvis was much smaller than that through the head 
And neck in the first series of experiments. Although there seemed to be no 
0 ffimi reason to suppose that the amount of pituitrin-like substance picked up 
by the blood during its passage through the tissues shorild be less the smaller 
■the blood flow, it was thought worth while to control the negative result obtained 
by other experiments in which the femoral and sciatic nerves were divided. 
Fig. 7 is the record of such an experiment. The technique was the same as 
previously described with the addition that the sciatic and femoral nerves were 
exposed in the animal to be perfused. 

About 2,500 c.c. blood were circulating at the beginning of the experiment, 
and the urine started to flow immediately the artificial circulation was estab- 
lished through the kidney. 1-6 gms. urea were then added to the blood. 
Immediately before switching in the legs the sciatic and femoral nerves were 
divided; 560 c.c. blood were washed through the legs before allowing the 
return blood to run back to the venous reservoir. The mercury valve in the 
carotid was adjusted at 96 mm. Hg, and the blood pressure at the caimula 
in the aorta was 100 mm. Hg. The blood flow through the legs and pelvis, 
taken 10 minutes after switching them into parallel with the kidney, was 
250 cc. /min. and the temperature of supply 36° C. It will be seen from the figures 
that if any effect at aU was produced on the urine flow by the passage of the 
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blood through the legs and pelvis, it was in the direction of increasing the rate 
of rise. Further, the fall in the percentage of chlorides in the urine was not 
inhibited. At B, the legs and pelvis were switched out of the circuit. That the 
kidney was responsive to pituitrin was shown by adding 0*03 c.c, Infundin 



Fig. 7. — ^Temp. of blood at renal oannnla. E = Hb per cent, of blood, relative to the 


initial sample. F = Renal blood flow in c.c. per minute. Q = B.P. in mm. Hg. 
At A ” hinddegs and pelvis were switched into perfusion-parallel with the kidney. 


and at “B” were switched out of the circuit. At ‘‘O’’ 0*03 c.c. “Infundin” 


added. H = Urinary chloride (as NaCl) in mgms. per cent. K = Urine flow in 


c.c. per 15 Min. 


to the circulating blood. The urine flow was temporarily completely inhibited, 
and on its return the large percentage rise in the urinary chloride was made 
manifest. No pulmonary oedema was encountered, and the blood was well 
oxygenated throughout the experiment. It will further be observed that the 
blood flow through the kidney suffered no permanent inhibition when the 
VOL. XCIX. — B. 2 N 
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legs were switched into the circuit, and that there was no change in the Hb 
concentration of the blood during this interval as compared to the preceding 
one. The kidney weighed 4A gms. and showed no abnormality on section. 
Two further experiments in this series are recorded in Protocols 2 and 3. 

The conclusion is now justified that no pituitrin-like principles are contributed 
by the tissues to the blood artificially perfused through the lower limbs and pelvis 
of a dog. It remains to attempt to locate the particular tissue in the head- 
neck and right fore-limb which is responsible for this contribution. Naturally, 
the pituitary body has the first claim on our experimental investigation. 

Series III. — The effect on the urinary secretion of the isolated hidney of suntohing 
the head and neck, after exposure of the jhtuUary body, into perfusion-parallel 
with the Tdd/ney. 

The technique in this series of experiments was exactly analogous to that 
in Series I. It differed merely in that the pituitary body of the animal, the 
head of which was to be perfused, was exposed. The route chosen for exposure 
was the temporal one and the method adopted differed little from that practised 
by Paulesco (loc. cit.) and by Cushing (29). The left temporal muscle was 
stripped from its origin, the superficial temporal vessels ligatured and the belly 
of the muscle removed by carrying an incision through it at the level of the 
zygoma. Two to two and a half centimetres of the zygomatic arch were re- 
moved, all haemorrhage being arrested by sealing the medullary vessels with 
Horsley’s wax. The jaw was widely opened, and the whole temporal fossa then 
came into view. The skull was trephined, and the edges of the hole freely cut 
away in all directions so that an opening about 4 cm. in diameter was obtained. 
All haemorrhage was again arrested, the dura punctured in the centre of 
the opening, and radial incisions made in it towards the periphery. The dural 
sectors were m turn reflected on to the surface of the skull, the temporal lobe 
gently lifted with a retractor, when a clear view of the pituitary body was 
readily obtained. The cerebro-spinal fluid was absorbed by numerous pledglets 
of wool, a small wool drain placed between the pituitary region and the exterior, 
and the field of operation covered with a warm salined woollen pad. It was 
found unnecessary in these acute experiments to decompress the contra-lateral 
side of the brain as well, since the large area' of bone which could be cut away 
after the belly of the temporal muscle had been removed, allowed the brain to be 
raised to the small extent required to expose the pituitary, without causing any 
undue compression. It will be shown in a later paper that exposure of the 
pituitary in this manner has no effect either on the rate of urine flow in the dog 
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operated upon or on the percentage of urinary chloride. Table I records a 
typical experiment of this series. On switching to the head, 400 c.c. were washed 
through before allowing the return blood to flow back to the heart-lung. 

Table I. 

Bogs 1 and 2 bled under C. and E. 

Bog 3, 10 '2 kilos. C.andE. Chloralose. Pituitary exposed. Chest opened and vessels prepared 
for head perfusion. Bight suibcl avian artery ligatured distal to right vertebral. 

Bog 4, 10*5 kilos. Morphia. 0. and E. Chloralose. Bled 300 c.c., 350 c.c. normal saline i.v. 

Left renal artery cleaned and ureteric cannula inserted. 

Bog 3 defibrinated almost completely and given 150 mgms. heparin i.v. 

Dog 5, 9 * 7 kilos. Morphia. C.andE, Chloralose. Heart-lung prepared. Heart-lung-kidney 
completed. 3 gms. urea added. 


Time. 

T° C. 
Kidney. 

i 

B.P. 

Mm. 

Hg. 

B.P. 
c.c. /min. 

Hb. 

Per cent. 

Serum 
Solids 
per cent, 

Serum. 
NaCl. 
Per cent. 

Urine. 

C . C ./15 

min. 

1 

Urine. 

KaOl. 

Per cent. 

5.01--5.17 

37-0 

136 

107 

— 

— 

— 

3-0 

120 

6.17—5.33 

37*1 

136 

107 

— 

— 

— 

3-6 

135 

6.33—6.42 

37-3 

132 

— 

— 

— 

— 

3-7 

125 

6.42—5.55 

37-4 

140 

— 

100 

— 

— 

5-4 

105 

5.65—6.05 

37*6 

144 

122 

— ^ 


— 

7-9 

85 

6.05—6.19 

37‘4 

142 

— 

98 

7-42 

810 

6-0 

85 

6.19—6.30 

37-0 

144 

113 

101 

7-66 

810 

4-0 

100 

6.30—6.52 

37-0 

144 

100 

99 

7-46 

810 

2-1 

205 

6.62—7.14 

37-0 

. 145 

107 

101 

7-73 

810 

1-8 

245 


At A head and neck of dog 3 switched into perfusion-parallel with the kidney. 


The blood flow through the head was 188 c.c./miu. and the pressure of supply 
106 mm. Hg, The resultant inhibition of urine flow and concomitant percentage 
rise in chloride, unaccompanied by any change in the blood pressure, are well 
shown. The diminution in blood flow from 122 to 100 c.c. per minute is also 
to be noted. The blood was well oxygenated throughout, and the urine samples 
were clear and contained no Hb nor protein. The kidney was normal on 
macroscopical examination. 

Another experiment giving qualitatively identical results is recorded in 
Table II. The diminution in blood flow resulting from switching the head into 
the circuit was, however, in this experiment minimal or non-existent. 


2 N 2 
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Table II. 

Dogs 1 and 2 bled under C. and B. 

Dog 3, 10 kilos. C. and E. Cbloralose 1*1 gm. Pituitary exposed. Chest opened and vessels 
prepared for head perfusion. 

Dog 4, 11 kilos. Morphia, 0. and E. Chloralose 1 • 1 gm. Bled 350 c.c., 400 o.c. normal saline .v. 

Left renal artery cleaned and ureterio cannula inserted. 

Dog 5, 12 kilos. Morphia. C. and E. Chloralose. Heart-lung prepared. 

Dog 3 defibrinated. Heart-lung-kidney completed. 3 gms. urea added. 


Time. 

T°C. 

Kidney. 

B.P. 

Mm. Hg. 

B.P. o.c./mm. 
Kidney. 

Hb. 

Percent. 

Urine. 

C.C./15 

min. 

NaOL 

Mgme. 

Per cant. 

5.03—5.09 

36-0 

126 

— 


8*5 

40 

5.09—5.17 

36-8 

133 

182 


8-3 

40 

5.17—5.27 

36-3 

132 

194 

— 

7-8 

44 

5.27—5.37 

35' 9 

132 

200 

— 

7'7 

36 

6.37—5.48 

35*9 

126 

— 


7'7 

36 

A. 

6.48—5.68 

• 35-9 

126 

200 

100 1 

7*6 

66 

5.68—6.08 

36-7 

125 

194 

101 

4'6 

106 

6.08—6.18 

36-0 

122 

-- 

— 

3*7 

146 


At A head, neck and right fore limb of dog 3 switched into perfusion-parallel with the kidney. 


The urine samples were all clear and contained no Hb nor protein. The 
kidney was normal on macroscopic section. Table III records a further experi- 
ment of this series, and the results are seen to be qualitatively identical to 
those obtained in the other experiments of this series and of Series I. 

A further point of interest arose, however, in this experiment. The first 
sample of urine contained a little blood but no free haemoglobin. The second 
contained both red blood corpuscles and Hb, and the third Hb only. This 
persisted up to the time during which the tenth urine sample was collected, 
viz., 4 • 66 to 5 • 02, and in this sample red blood cells re-appeared. The last two 
specimens contained red blood cells only. The increase in the degree of 
haemolysis before and the decrease after switching the head into the circuit are 
parallelled by the fall and rise respectively in the chloride concentrations of 
the urine. Starling and Verney (be. dt.) have already commented on this 
phenomenon which resulted in their experiments from the addition of pituitrin 
to the blood of the heart-lung-kidney preparation. 

Two further experiments of this series are recorded in Protocols 4 and 6. 

So far, then, we must conclude that exposure of the pituitary body does not 
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Table III. 

Dog 1 bled under C. and E. 

Dog 2. 8*6 kilos. C. and E. Chloralose 0*9 gm. Pituitary exposed. Chest opened and 
vessels prepared for head perfusion. 

Dog 3. Morphia. C. and E. Chloralose. Bled 300 c.o., 400 c.c. normal saline i.v. Left renal 
artery cleaned and ureteric cannula inserted. ^ 

Dog 4. Morphia. C. and E. Chloralose. Heart-lung. 

Heart-lung-kidney completed. 5 gms. urea added. 


Time. 

r C. 
Kidney. 

B.P. 

Mm- Hg. 
Kidney. 

B.E. c.c./min. 
Kidney. 

Hb. 

Per cent. 

Urine. 

O . C ./16 

min. 

Nad 

Mgms. 

Per cent. 

3.48—3.54 

35-0 

147 

— 

— 

1 j 

7*7 

636 

3.54 r -4.01 

35-0 

144 

— 

— 

8*3 

368 

4.01— 

36-0 

148 

— 

— 

— 

290 

4.16—4.22 

38-0 

146 

170 

— 

14*8 

320 

4.22—4.29 

37-8 

144 

190 

— 

20*6 

230 

4.29—4.34 

37-3 

144 

180 

100 

24*6 

230 

4.34—4.38 

— 

146 

— - 

•— 

23*9 

236 

A. 

4.48-4.63 

38-0 

139 

— 

— 

20*1 ! 

230 

4.63—4.68 

38*0 

139 

170 

-*• 

18*0 

290 

4.68—5.02 

38*0 

146 

— 

104 

17*6 

410 

6.02-.5.07 

38*0 

146 

— 

— 

12*3 

490 

5.07—6.16 

37*8 

144 


— 

8*6 

616 


At A head, neck and right fore limb of dog 2 switched into perfusion-parallel with the kidney. 


influence tlie donation of a pituitrin-like principle by the tissues of the head 
and neck to blood passing through them. It remains to determine whether this 
effect is still obtainable after the pituitary body has been removed. 


Series 17 . — The effect on the urinary secretion of the isolated Udney^ of switching 
the head and nech^ after removal of the 'pituitary body, into perfusion-parallel 


The technique in this series was exactly analogous to that in Series III. 
The pituitary body was exposed in the animal, the head of which was later to be 
perfused. The third nerve on the left side was divided as it passed from its 
external cerebral origin to the point where it traversed the dura to gain the 
region of the cavernous sinus. After collecting from cannute in the ureters 
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sufficient urine for analysis, tke left temporal lobe was again gently elevated, the 
pituitary body freed from its coimection to the base of the pituitary fossa and 
removed with long forceps. Occasionally the body— anterior and posterior 
lobes — came away cleanly in one piece and the removal was, as far as could be 
determined with the naked eye, complete. More frequently, however, the 
body was removed in fragments. Hemorrhage was very slight, a fact which 
is doubtless to be correlated with the rapid and profuse branching into vessels 
of almost capillary calibre of the sheaf of vessels streaming down from the circle 
of WHlis around the stalk of the hypophysis (Dandy and Qoetsch (30)). The 
operations both of exposure and removal were performed under direct illumina- 
tion from a frontal lamp, so that stereoscopic vision was not interefered with. 
Table IV records the results of an experiment of this series. It will be seen that 
removal of the pituitary is followed after a latent period of an hour by an 
ingravescently profuse polyuria, and by a concomitant fall in the percentage of 
chloride in the urine. These acute effects of pituitary removal will be considered 
more fully in a later paper. At present it suffices to note their occurrence and 
to state that the resultant polyuria and low chloride percentage respond to 
intravenous injections of pituitrin in a manner exactly analogous to that of the 
polyuria and low urinary chloride of the isolated kidney. After the polyuria 
was established the chest was opened and the animal prepared for head perfusion. 
The rem aining steps in the experiment were exactly as have already been 


Table IV. 

Dog 1, 11 kilos. Morphia. C. and E. Chloralose. Pituitary exposed. Ureters oannulated 
extraperitoneally. B.P. from right femoral artery. 


Time. 

Rectal T® C. 

B.P. Mm. Hg. 

i 

Urine^ 

Right and Left. 
O.0./15 min. 

Urine. NaCl 
Mgms. 

Per cent. 

11.30—12.10 

37*1 

116 

0-9 

490 


Remove 1 

Pituitary. 



12,20— 1.16 

37-6 

116 

0'8 

176 

1.16— 1.40 

37*5 

122 

2-1 

126 

1.40— 1.68 

37-6 

122 

2-8 

116 

1.68— 2.11 

38-0 

122 

3'8 

110 

2.11— 2.23 

38*5 

122 

6-6 

90 


Chest opened and vessels prepared for head perfusion. Defibrinated. 
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Table IV — continued. 

Dogs 2 and 3 bled under C. and E. 

Dog 4. Morphia. C. and E. Ohloralose. Bled 500 c.c., 550 c.c. normal saline i.v. Left 
kidney prepared. 

Dog 5, 11 kilos. Morphia. 0. and E. Ohloralose. Heart-lung. 

Dog 6. Morphia. 0. and E. Bled. Heart-lung-kidney prepared. 2 gms. urea added. 


Time. 

T° C. 
Kidney. 

■D p 

Mm! Hg. 

B F. c.c./min. 

Hb. 

Per cent. 

Urine, 

C.0./15 

min. 

Urine. NaOl 
Mgms, 

Per cent. 

5.40—5.52 

38-2 

129 

— 

— 

2-9 

435 

5.52—6.00 

38-a 

128 

188 

— 

4-6 

350 

6.00—6.07 

38-1 

129 

— 

100 

5-0 

336 

6.07—6.20 

37*8 

128 

200 

— 

6‘3 

290 

A. 

6.20— 6.29 

37-4 

126 

■— 


5*6 

345 

6.29—6.36 

37-4 

126 

230 

105 

6*9 

300 

6.36—6.43 

37*9 

127 

— 

— 

6*9 

260 

6.43—6.50 

37*8 

128 

230 

no 

[ 

8*1 

255 

6.51—7,00 

37-9 

132 

— 


10*7 

250 

0 

1 

38«0 

131 

— 

— 

9*0 

250 


At A, head, neck and right fore-limb of dog 1 switched into, and at B out of, perfusion-parallel 

with the kidney. 


described. About 2,500 c.c. of blood were circulating. The urine flow began 
immediately the artificial circulation was established and before the urea 
(2 gms.) was added. It will be seen from the table that on switching into the 
circuit the head and neck of the polyuric animal at A, there resulted merely 
a transient and minimal fall in the water and rise in the chloride outputs, and 
that this effect rapidly disappeared. The rate of water output then gradually 
increased and the chloride percentage continued its progressive fall while the 
blood was still being shunted through the head. 500 c.c. of blood were washed 
through the head and discarded before allowing the return to the heartdung. 
The blood flow through the head was 300 c.c. /min. and the temperature and 
pressure of supply 37 * 5® C. and 95 mm. Hg respectively. It is to be noted that 
there occurred an actual increase in the rate of blood flow through the kidney 
during the time that tfle head and neck were in the circuit as compared to the 
rate immediately before, and this in spite of a small fall in blood pressure from 
128 to 126 mm. Hg. The blood was well oxygenated throughout. The kidney 
weighed 77 gms. 
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The results of another experiment in this series are recorded in fig. 8. The 
operative procedure was identical to that described in the last experiment. 
The increased rate of urine flow in the whole dog was obvious to the eye 65 
minutes after pituitary removal. After the animal had been prepared for 
head and neck perfusion it was defibrinated to the extent of 500 c.c. and 170 
mgms. of heparin injected intravenously. When the heart-lung-kidney 
preparation had been made^ the urine started to flow immediately the artificial 
circulation was established. Three gms. of urea were then added to the blood. 



Fio. 8. — = T °C. of intact Dog (rectal), and of blood in renal arterial oanmila of isolated 


kidney. B = B.P. mm. Hg in femoral artery of intact dog. 0 « B.P. mm. Hg 
in renal artery of isolated kidney. D ~ Blood Flow in o.o./min, F — Hb per cent, 
relative to the initial blood sample. M = Urine Flow of Bt. kidney. N ~ that of 
Left in c.o./16 min, 0 = Urinary Chloride (as NaCl) in mgms. per cent. Bt. kidney, 
and P = that of Left. B === Urinary Chloride (as NaCl) in mgms. per cent., isolated 
kidney. S = Urine Flow isolated kidney in c.o./15 Min. At F the Pituitary Body 
was removed from the intact dog. At G the head, neck and right fore-limb were 
switched into perfusion parallel \vith the isolated kidney, and at H were switched 
out of the circuit. At K. 0*02 c.c “Infundin” was added to the blood perfusing 
the isolated kidney, and at L a further 0*01 c.c. was added. 


Secretion of Pituitrin in Mammals, 509 

At G the head and neck of the polyuxic animal were switched into parallel with 
the kidney. There was a small and quite transient fall in the nrine flow which 
then rapidly mounted again to the large value of 34 » 5 cc./15 min. The urinary 
chloride showed no appreciable break in its rate of fall as the result of the head 
shunt. Further, the blood flow through the kidney was actually greater during 
this period than at a time immediately preceding the operation of switching in 
the head and neck. The blood flow through the head, neck and right fore-limb 
was 188 c.c./min., the temperature of supply 37° C. at 6*26, and at 6*41 177 
c.c./min. and 37° C. respectively. That the kidney was responsive to pituitrin 
was shown by the marked effect which its addition to the blood exerted on the 
rate of flow of the urine and on its percentage content in chloride. The blood 
was well oxygenated throughout. The kidney weighed 36 gms. and was normal 
macroscopically. 

Another experiment of this series is recorded in Protocol 6. 

The conclusion may justifiably be drawn, therefore, from this series that the 
operad/ion of shimting part of the blood of the heart-lung-kidney preparation 
through the head and neck of a dog, the pituitary body of which has previously 
been removed, is unaccompanied by that inhibition of urine flow and percentual 
rise in chloride which characterise the operation when the pituitary body is 
intact. 

C.— Histological Examination. 

The results of histological examination of the perfused kidneys and of the 
pituitary region in the experiments already recorded may be briefly mentioned. 

The kidneys were weighed, examined macroscopically, and two representative 
pieces immediately placed into weak formalin. Sections were cut and stained 
with haematoxylin and eosin. The main purpose of the histological examination 
was to show if there were any sign of chronic nephritis present. Molitor and 
Pick (31) have demonstrated the impotence of pituitrin to inhibit water diuresis 
in dogs after acute cantharidin poisoning. Starling and Vemey (foe, dt.) 
reported one case in which pituitrin had very little, if any, effecton the percentage 
whilst definitely lowering the absolute amount of chloride eliminated in the 
urine secreted by the isolated kidney, and in this case the kidney was found to 
be markedly fibrosed. No signs of mflammation were observed, with the following 
exceptions: — In the kidney of the experiment described in Protocol 1 there were 
a few haemorrhagic spots in the boundary zone which showed microscopically 
as areas crowded with red and white blood cells. The cortex of the kidney 
appeared normal. A similar picture was present in the kidney of the experiment 
summarised in Table IV. In that of the experiment illustrated in fig. 8 there 
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were preseat a few small subcapsular wedge-shaped fibrotic areas, the remainder 
of the Mdney, however, presenting a normal histological appearance. 

In those experiments in which the pituitary body was removed, the removal 
was confirmed by taking serial sections of the parts removed and of the subdural 
contents of the sella turcica, and sections at intervals of 200 p, of the optopedun- 
cular region of the base of the brain. Traces of pars tuberalis tissue were 
invariably present adhering to the floor of the third ventricle. In the experi- 
ment shown in fig. 8 the pituitary region of the mid-brain was also cut serially. 
KTo pituitary tissue was left in the sella, and on the floor of the third ventricle 
were seen the remains of the epithelial portion of the hypophysis, into which 
there had occurred extravasations of blood. Some of this blood had passed 
into the infundibulum and was lying free in this region. There was no evidence 
of injury to the base of the brain in the region around the attachment of the 
pituitary. A similar histological picture was seen in the section of the pituitary 
region in the experiment shown in Table IV. A small epithelial fragment was 
found lying in a small blood clot in the seUa turcica. Fragments of epithelial 
tissue were also seen adhering to the infundibulum : into this a 'few small 
hamorrhages had taken place. 


D.— -Discussion. 

There seems to be only one interpretation to be placed on the experimental 
results recorded in this paper : pituitrin is contributed by the pituitary body 
to the blood during its passage through the tissues of the head and neck. 
Attention may be directed especially to the ingravescent manner in which the 
reaction of the isolated kidney reveals itself during the period of head perfusion, 
a phenomenon which is readily interpreted by, and indeed is to be expected from, 
the increasing number of circuits which the blood makes through the tissues of 
the head. During this time, then, we must assume that the balance of secretion 
over destruction is turned in favour of the former. It will have been observed 
that in those experiments in which the pituitary was removed before switching 
the head into the circuit there was a small initial inhibition in the rate of urine 
flow and a small augmentation in the chloride output. This was transitory, 
however, and the reappearance and augmentation of the polyuria and chloride 
fall in the time during which the blood was still shunted through the head, 
showed that even if pituitrin were being continuously secreted during this time 
by the remaining fragments which inevitably escaped removal, its rate of destruc- 
tion in the blood and tissues was certainly greater than its rate of formation. 

One is not justified, however, in concluding that the pituitary principle 



Secretion of Pituitrin in Mammals, 511 

involved in the reaction on the isolated kidney is poured into the blood stream 
directly. The researches of Thaon (32) showed the absence of a lymphatic 
network in the pituitary body, and the histological picture gave the impression 
of the potential passage of any secretory product directly into the capillaries. 
Later Cooper (33) drew attention to the rich sinusoidal blood supply of the pars 
distalis of the California ground-squirrel. On the other hand, the high concentra- 
tion in which active principles are found in the pars posterior and even in the 
pure hypothalamic tissue (Abel (34) ), though by no means proving the activity 
of these parts in their formation or even in their physiological transport, points 
to the possibility of their passage through the infundibulum into the third 
ventricle, as Herring (35) suggests from histological evidence. Dixon (36) 
states that samples of normal cerebro-spinal fluid of the dog show every known 
chemical and physiological action of pituitrin. ... It contracts the uterus 
and blood vessels, raises the blood pressure, increases the urinary flow, and imder 
certain conditions causes a secretion of milk.’’ This author showed that the 
oxytocic principle appeared in the cerebro-spinal fluid of dogs and cats 
immediately after pituitrin was injected intravenously. The effect could not 
be obtained after the pituitary body had been destroyed by the cautery. It was 
not proven, however, that the amount of oxytocic principle present in the 
cerebro-spinal fluid following intravenous injection of pituitrin was larger than 
the amount injected. Further, the increase in the oxytocic action of the 
cerebro-spinal fluid following intravenous injections of ovarian extract was not 
shown to be dependent on the integrity of the pituitary body. Cushing and 
Goetsch (37) agree that there is present in the cerebro-spinal fluid a substance 
which gives the pressor reaction of pituitary extract. Its potency as regards 
the remaining known physiological reactions of pituitrin appears not to have 
been investigated. The fact that free exposure of the pituitary body in the 
experiments recorded in Series III of this paper had apparently no effect on the 
reaction of the head on the isolated kidney, gives no information as to whether 
the passage of pituitrin from the pituitary body to the blood is direct or indirect. 

In Cow’s experiments (38), cats’ kidneys were perfused in situ with Ringer, 
and an increased rate of flow from the ureter observed when the organ was 
switched to a perfusion fluid consisting of a Ringer extract of the pituitary body 
or a Ringer duodenal extract which had already been perfused through the 
general circulation. His experiments were concerned with the secretion of 
a diuretic principle by the pituitary body, and were both in their nature and in 
the results obtained fundamentally different from those described in this paper. 
Here we are concerned with the secretion by the pituitary body of an anti- 
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dimetic and chloride-raising principle, and this secretion we believe to have been 
experimentally demonstrated* 

It must be left to future experiments to decide which of the parts of the 
pituitary body is or are essentially concerned with its formation. Similarly, 
it is impossible from these experiments to form any accurate quantitative idea 
of the amount of pituitrin picked up by the blood. It may be permissiblCj 
however, to hazard the impression that has been gained from a comparative 
mental picture of the effects on the isolated kidney of the passage of the blood 
through the intact head on the one hand, and that of the actual addition of 
pituitrin to a similar volume of circulating blood on the other, that the degree of 
magnitude of, the amount contributed by the pituitary to the blood is of the 
order of 0/01 c.c. of the commercial 17 per cent, extract per 15 to 30 minutes. 

It is of interest now that the regulating function of pituitrin on salt and water excretion 
has been demonstrated to recall some experiments of Eokhard (39) published in 1903. 
This experimenter stated that piqUre of the floor of the fourth ventricle in rabbits leads to 
non-saccharine pol 3 niria even one to fourteen days after bilateral splanchnotomy, reaching 
its maximum rate of flow in the first hour and falling from the second hour on. Unfortu- 
nately, the chloride content of the urine was not considered. It may well be that the 
pituitary was involved in this phenomenon, especially since a similar effect followed bilateral 
ligature of the carotids. The results, howerer, were interpreted as being caused by 
stimulation of the kidney ‘‘ secretion regulating centre in the medulla by the cerebral 
anaemia resulting from the diminution in blood supply to the brain. 

Whether the secretory phenomenon described in this paper is to be categorised 
within the province of the first or second group of internal secretory organs 
towards which attention was directed at the beginning cannot yet be decided. 
It may be that the abnormal conditions under which secretion was observed in 
these experiments were just such as to produce the stress necessary for 
secretory activity to be manifested. On the other hand, it may be— and this 
we are inclined to believe to be the case judging from the acute effects of removal 
of the pituitary body from the whole animal— that the secretion of the anti- 
diuretic and chloride-raising principle is a continuous process, and that the 
reactions of the kidney are dependent for their physiological condxxct on the 
continuous presence of this principle in the blood stream. 

E. — Summary and Conclusion. 

1. The isolated kidney of the dog has been used as a means whereby the 
blood sxxpplying it may be tested as to^its content in pituitrin-like sxibstance. 

2. When the head and neck of a dog are switched into perfusion-parallel 
with the isolated kidney {see p. 490), the blood picks up during its passage 
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through, the head and neck a substance or substances which inhibit the polyuria 
of the isolated kidney, augment the urinary chloride output percentually or 
sometimes absolutely, and diminish the renal blood flow. 

3. This result is still obtained after previous exposure of the pituitary body, 

4. No such phenomenon occurs as the result of perfusing the pelvis and lower 
limbs of a dog in parallel with the kidney. 

6. Previous removal of the pituitary body abolishes the reaction summarised 
in 2 above. 

An antidiurectic, chloride-augmenting, and vaso-constiictor principle or 
principles are contributed by the pituitary body to blood during its passage 
through the head of a dog. 

The expenses of this research were defrayed in part out of a grant from the 
Government Grants Committee of the Eoyal Society. 

P. — ^Protocols. 


1 . 

Bogs I and 11. Morphia. 0. and E. Bled. 

Dog in, 11 kilos. 0. and B. Chloralose. Prepared for head perfusion. Befibrinated. 

Dog IV, 16*5 kilos. Morphia. 0. and E, Chloralose. Left kidney prepared. 

Dog V, 16 kilos. Morphia. C. and E. Chloralose. Heart-lung. Heart-lung-kidney com- 
pleted. About 2,500 0 . 0 . blood circulating. Add 2 gms. urea. 


Time. 

T°C. 

Kidney. 

B.P. 

Mm. Hg. 
Kidney. 

Blood 

flow 

o.c./min. 

Kidney. 

Urine. 

0.0./15 

min. 

Urine. 

KaCl, 

Mgms. 

Per cent. 

4.36—4.41 

37-0 

119 

272 

15-0 

160 

4.41_4.48 

37-0 

120 

— 

16-0 

160 

4.48—4.67 

36-8 

120 

— 

14*0 

100 

Switch to head 

4.58-6-07 

36*7 

120 

272 

10-3 

160 

6.07—6.16 

37-1 

119 

272 

7-4 

140 

6.16—6.25 

37-0 

121 

272 

5-1 

165 


Temperature and pressure of blood supply to head = 36* 0. and 90 mm. Hg. Blood flow through 
head = 190 c.o./min. Kidney = 71 gms., cedematous, with a few haemorrhagic spots in 
boundary zone. 
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Perfusion pressure to, and blood flow through legs « 100 mm. Hg and 72 o.o,/min. respectively, 
425 o.c. washed through before blood diverted to venous reservoir. Mercury valve in left 
carotid adjusted to 95 mm. Hg. Blood gradually disappeared into dog 111 ; at end of 
experiment about 600 c.c. only circulating. 

Kidney = 62 gms. tJrinos, all clear, no Hb. 

Hb. in blood of dog III ss* 116 per cent. 


3. 

Dogs I and II. Morphia. 0. and EJ. Bled. 

Dog III, 14 kilos. Morphia. C. and E3. Ohloralose. Prepared as in Protocol 2, with 
adcfltional exposure of sciatic nerves. 

Dog IV, 16 kilos. Morphia. C. and E. Ohloralose. Left kidney prepared. 

Dog V, 7 kilos. Morphia. 0. and E. Ohloralose. Heartdung. Heart-lung-kidney com 
pleted. About 2,600 c.c. blood circulating. 6 gms. urea added. 


Time. 


B.P, 

mm Hg. 
Kidney. 

Blood 

flow 

o.c. /min. 
Kidney. 

Hb. 

Per cent. 

Urine. 

O.C./16 

min. 

Urine 

NaOl 

Mgm. 

Per cent. 

4.56—5,21 

37*5 

127 

190 


1-3 

no 

5.21—5.31 

37-5 

128 

— 

— 

4*7 

75 

5.31—5.41 

37'5 

126 

180 

100 

5-7 

80 

6,41—5.53 

37-5 

126 

— 


7*8 

no 

Switch to legs. 

6.53—6,03 

37-5 

130 

180 

100 

7-8 

no 

6.03—6.13 

37-5 

128 

190 

— 

6*8 

no 


Legs denervated just before switching them into the circuit. 550 o.c. washed through before 
blood diverted to venous reservoir. Mercury valve in left carotid adjusted to 95 mm. Hg. 
Kidney = 69 gms. Hb, per cent, in blood of dog III at 6.50 “119 per cent. Blood flow 
through, and perfusion pressure to, legs = "250 c.c. /min, and 100 mm. Hg respectively. 
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4. 

Dog I. 0. and E. Bled. 

Dog II, 9 kilos. 0. and E. Chloralose. Tracheal cannula. Pituitary exposed. Artificial 
respiration. Chest opened and vessels prepared for head perfusion. B.P. from left femoral 
artery. 

Dog III, 13 kilos. Morphia. 0. and E. Chloralose. Heart-lung. Right kidney of dog II 
excised and perfused by heart-lung. Urine started to flow immediately. 3 gms. urea 
added. 


Time. 

1 

T®0. 

Kidney. 

B.P. 

mm. Hg. 
Kidney. 

Blood 

flow 

o.c./min. 

Kidney. 

Hb. 

Per cent. 

Urine. 

O . C ./16 

min. 

Urine. 

KaCl 

Mgm. 

Per cent. 

3.10—3.24 

36*6 

180 



4*6 

460 

3.24—3.33 

36*2 

177 

156 

100 

8*3 

250 

3.33—3.39 

37*0 

177 

190 

I 

7*6 

270 

3.39—3.48 

37*0 

176 

180 

1 ^ 

9*6 

250 

a .48— 4.04 

37*0 

171 

170 

— 

11*0 

230 

Switch to head, 

4.04—4.10 

36*0 

176 

1 160 

106 

13*8 

j 240 

4.10—4.16 

37*0 

181 

160 

— 

16*6 

360 

4.16—4.27 

37*4 

‘ 177 

170 

116 

6*0 

440 

4.27—4.42 ! 

— 1 

176 

160 

117 

1 2*9 

600 


Blood flow through head « 216 o.o./min. FeHusion pressure to head « 140 mm. Hg. 


6 . 

Dog I. 0. and E. Bled. 

Dog II, 10*7 kilos. C. and E. Chloralose. Prepared as in Protocol 4- 
Dog III. C. and E. Chloralose. Bled 300 o.o., 360 c.c. normal saline i.v. Left kidney 
prepared. 

Dog IV. Heart-lung. 

Heart-lung-kidney prepared. Urine started to flow immediately. 3 gms. urea added. 


Time. 

T®0. 

Kidney. 

B.P. 

mm. Hg. 
Kidney. 

Blood 

flow. 

0 . 0 . /min. 
Kidney. 

Urine. 

C . O ./16 

min. 

Urine. 

NaCl 

Mgms. 

Per cent. 

3.68—4.08 

34*0 

174 

— 

8*4 

760 

4.08—4.16 

340 

179 

— 

12*6 

570 

4.16—4.22 

35*0 

176 


12*2 

480 

4.22—4.30 

36*0 

174 

246 

12*6 

340 

4.30—4.39 

36*6 ! 

172 ! 

260 

11*4 

330 

4.39—6.00 


164 

— 

8-9 

260 

Switch to head. 

6.00—6.13 

36*0 

158 

176 

3*6 

480 

5.13-^.34 

37*0 

i 

155 

180 

2*4 

630 


Temperature of blood supply to head « 37® 0. 
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6 . 

Dogs I and II. Bled nndet C. and B. 

Dog III, 12 » 5 kilos. C. and E. Chloralose 1*4 gr. i.v. Pituitary remved. Chest opened 
and vessels prepared for head perfusion. Defibrinatod* 

Dog IV, 11 kilos. Morphia* C. andS. Chloralose, Deft kidney prepared. 

DogV, 12-5 kilos. Morphia. 0. andE. Chloralose. Heart-lung prepared. 

Heart-lung-Mdney completed. 4 gms. urea added. 


Time. 

T®C. 

Kidney. 

1 

B.P. 

Mm. Hg. 

1 

B.F. 

c.o./min. 

Unno, 
o,o./15 Min, 

Urine. 

KaCl 

Per cent* 

6.54—7.00 

36*0 

148 


4-7 

170 

7.00—7.10 

36-0 

134 

— 

4-5 

100 

7.10—7.22 

36*0 

132 

125 

6-7 

80 

A. 

7.22—7.28 

36-0 

128 

143 

6-6 

70 

7.28—7.36 

36-0 

128 

— 

5*8 

70 

7.35—7.43 

36-0 

i 

132 

134 

6-3 ^ 

60 


At A head, neok and right fore -limb of dog III switched into perfusion-parallel with the kidney. 
Urines clear : no Hb. Kidney « 36 gms Blood flow through head 216 o.o./min. 
Head blood pressure « ICO mm. Hg. 
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SIE AEGHIBALD GEIKIE— 1835-1924. 

SiE Aecbibald Gbiioe was elected a EeUow of the Society in 1865, at the 
age of 29 years, and at the time of his death, in 1924, he was the senior Fellow, 
and hence the “ father ” of the Society. Throughout this long series of years 
he was devotedly attached to the Society and most anxious to promote its 
welfare and further its activities in all possible directions, and the Eoyal 
Society is much indebted to him for the services he rendered to it during the 
periods he acted as one of its ofiSlcers. He served on the Council first from 
1885 to 1887, and was Foreign Secretary from 1889 to 1893. In 1903 he was 
elected Secretary on the biological side in succession to Sir Michael Foster, 
and hswi as colleague on the physical side his friend Sir Joseph Larmor, the 
presidents during his term of office as Secretary being, Sir William Ht^gins and 
Lord Eayleigh. 

During the later years of Ihe nineteenth century the work of the Sociely 
had undergone considerable expansion both on the physical and on the 
biological side. Thus, the part played by the Society in such undertakings 
as the International Catalogue of Scientific Literature, the Association of 
Academies, the National Physical Laboratory, and the investigations into 
certain tropical diseases, considerably inoreased not only the range of the 
aoblvities of the Society, but also added considerably to the work of the 
Officers, Fellows, and staff. Geikie, throughout his tenure of office, took the 
greatest interMt in the work of the Society as a whole, and his outlook was 
sdways a wide one, although as Secretary his activities were mainly concentrated 
on the biological side. One of the most oharacteristio features of his :55PWk 
was the interest he took m all biological questions, botanical, zoologieaJ, Ifeid 
physiological. He never confined his interest to the more special braalejias 
of knowledge that he had made his own. 

During Sir Michael Foster’s tenure of the Secretaryship, and whilst 
jfc. Joseph Chamberhdn was Secretary of State for the Colonies, airangemmts 
been made, in consultation with the Colonial Office, for the Royal Sodety 
fe tuaidextake the supervision and control of a series of inquiries into the 
ciH^ation and nature of important maladies affecting the welfare of ottr 
troprcd Dominions mid dependencies, e.g., inalaria, Mjdta levpx, sleejang 
sickn^ Yahiable results have been obtained ly; jfhadiocie^ve ^mnsissi 0 hs 
sent but tinder ttie auspices of the Tropical Daseases (k>WBfutljee,bf ^ Royal 
Society. Geikie took the greatest possible is^west ^ tihisyista^ nbfe^®^ 
from the actual scientific interest of the involved the rbstala 

obtained, but also from the point of view>; 
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vising and controlling such, work for the assistance of the Government, was 
doing work for which it was exceptionally fitted, and fulfilling a most 
important function in promoting the welfare of the Empire. 

Tit If ft Foster, Geikie held the view that all such work undertaken for the 
Government should be rigorously confined, as it was, to the investigation 
of definite scientific problems, and not extended to either administrative 
matters, or to supervising methods of medical treatment of given diseases. 
This work often entailed a considerable burden on the Officers and Fellows 
of the Society, and also some increase in the actual eapenditure of the 
Society ; but Geikie felt that the Eoyal Society, as the foremost scientific 
society, should be willing to undertake such work, and that it was specially 
fitted to carry it out to a successful conclusion. On relinquishing the secretary- 
ship to become the President of the Society, he maintained the closest possible 
touch with the Tropical Diseases Committee, and rarely missed tali^g the 
chair at its meetings. Certainly the Fellows of the Society interested in 
physiological and pathological questions are indebted to him for the wide 
interest he felt in, and the sympathy he extended to, their investigations and 
work. 

In his anxiety that the Society should continue to hold its place as the 
foremost Scientific Society, he was always wishful that it should contain within 
its ranks men distinguished in all branches of natural knowledge, and more 
especially that it should include amongst its fellows, those who had gained 
distinction from their researches, althosgh not following a scientific career as a 
profession. The British Empire has long been noted for the number of men 
who have pursued scientific studies and gained distinction by the results 
achieved, notwithstanding the fact that such studies have either formed their 
relaxation, or else have been pursued solely out of the interest evoked by them. 
Such men have often been miscalled amateurs, and the Royal Society has 
always contained such men amongst its fellows. Geikie was greatly impressed 
with the necessity of maintaining this custom, as he was convinced that it 
gave the Society a breadth of view that otherwise it might not have. He 
even went further, and often regretted that the old custom of including amongst 
the Fellows men who had obtained distinction in walks of life other than those 
actually included under the term natural knowledge, was not more frequently 
followed. He felt strongly that it was only by these means that the Society 
would maintain the status, it was rightfully entitled to, as representative of 
learning. In this connection it may be recalled that it was during his 
presidency that arrangements were made whereby the recently founded British 
Academy was enabled to use the apartments of the Society as a meeting place. 

Geikie was a very efficient officer of the Society, spending much time in the 
offices of the Society and making himself familiar with all the details of the 
work that falls to the lot of the officera. He was a pleasant colleague to work 
with, and had usually clearly cut and defined views on the various questions 
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that came up for decision by the Officers and Oounoil, and thus the business 
of the Society was conducted with dispatch under his auspices. 

The activities of the Society have for long been somewhat hampered by the 
inadequacy of the funds at its disposal, and Geikie, like other Presidents of 
the Society, often alluded in his addresses and public utterances to the necessity 
of more liberal endowments if the Society was to fulfil its functions in the 
advancement of natural knowledge. It was a source of gratification to him in 
his last years that several munificent benefactions were received by the 
Society, thereby enabling it to endow Eesearch Professorships in several 
branches of Science. 

Qeikie not only made himself familiar with other branches of Science outside 
the range of his own speciality, but, in addition, he had a well-developed literary 
and artistic side. His literary ability is well seen, in his numerous writings 
dealing with a considerable variety of subjects, some biographical, severa] 
relatingto his beloved Scotland, ScottishScenery and Scottish Eeminiscences, 
■and several classical, more especially relating to Eoman family life, Horace’s 
villa, etc. He was at one time fond of sketching, especially amidst the Western 
Isles, and the present writer well remembers the graphic manner in which 
he described these scenes, and how he had wished to follow the career of an 
artist to place them on canvas. For many years he was in the habit of 
yachting on the West Coast of Scotland, and was familiar not only with the 
scenery, but also with the folk-lore and traditions of the islanders. He had a 
fund of Scottish stories and was an admirable raconteur, telling his stories 
with a keen relish of their humour. Many of them may be found in his well- 
known Scottish Eeminiscences. 

The 260th Anniversary of the foundation of the Eoyal Society was celebrated 
in 1912 during his tenure of the presidency, and he not only took the greatest 
interest in the various ceremonies and functions that marked the anniversary, 
but also played a very active part in the work of the Officers and staff in making 
all the arrangements necessary for the celebration. Further, the Society is 
indebted to him for compiling and editing a new and enlarged edition of the 
Eecord of the Eoyal Society, and it was at his instigation that a facsimile of the 
ancient Charter Book was prepare^. Geikie took a very special interest in all 
that concerned the life of the Eoyal Society in the past, and one of the best 
illustrations of this and of his literary activities is to be found in the history 
of the Eoyal Society Club that he published in 1917, after he had relinquished 
the presidency of the Society, under the title of the Annak of the Eoyal Society 
Club, This is a very complete and accurate history of the doings of the club 
from its foundation in 1743 up to the year 1902, and contains much informa- 
tion of the manners and customs of the times and many anecdotes illustrating 
the characteristics of some of the more prominent of the early Fellows of the 
Society. Greilrie was a member of the club from 1890 to his death, and was a 
very constant attendant and a great believer in the humanising influence of 
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social meetings, especially those of a dining club with such ancient traditions 
as those of the Eoyal Society Club. 

GeiHe received the honour of Knighthood in 1891 and that of K.C.B. in 1907, 
and in 1913 the Order of Merit was conferred on him and ho also became Ofhcier 
de la L6gion d’Honneur. 

Qeikie married on August 10th, 1871, Alice Qabrielle Anne Marie Pignatel, 
who died on January 21st, 1916. His family consisted of one son, Boderick, 
who died on December 6th, 1910, and three daughters ; one of these died on 
February 23rd, 1916. Sir Archibald Geikie died on November 10th, 1924. 

J. B. B. 


The scientific career of Sir Archibald Geikie was one of great distinction. 
Joining the Geological Survey in 1866, he became Director-General of the 
Geological Survey of the United Kingdom in 1882 ; President of the Geological 
Society, London, 1890-92 ; and was selected by the Council of that Society for 
a second term of oflBLoe, to preside at the Centenary Celebrations in 1907. 
Honours were showered upon him by scientific societies at home and abroad 
and by Universities ; these were crowned by the award of the Order of Merit 
in 1914. 

Bom in Edinburgh in 1835, and educated at the High School and Uni- 
versity, he derived inspiration from the classic sTirroundings— the scene of the 
fierce controversy between the Huttonians and 'Wernerians at the beginning of 
last century. His finding of fossils in the Burdiehouse limestone in his boyhood 
marked the first stage in his field experience. He roamed over Arthur’s Seat 
and the Pentland Hills with Charles Maclaren’s volume on ‘ The Geology of 
Fife and the Lothians ’ as his guide. Not content with excursions in the 
neighbourhood of Edinburgh, he went to Arran with Bamsay’s account of the 
geology of that island in his hand to examine the metamorphio rocks and 
palaeozoic strata pierced by the granite masses in the north of the island. 
This expedition was followed, in his eighteenth year, by a visit to Skye, where 
he began the mapping of the Lias, in the district of Strath, after a careful 
study of Macculloch’s volume on ‘ The Geology of the Western Islands.’ 

All these excursions sprang from his own initiative. They showed that he 
was clearly destined for a geological career, if such could be obtained. Two 
articles which he wrote on his work in Arran secured an introduction to Hugh 
Miller, then lining in Edinburgh, which led to a close friendship that lasted 
till the tragic end of Hugh Miller’s career. The yoimg geologist paid frequent 
visits to that home with his specimens, his map, and notes, receiving in return 
great encouragement to continue the work. Soon after this introduction, 
Hugh Miller was asked by Sir Boderick Murchison, who had been appointed 
Director-General of the Geological Survey, to recommend a young geologist 
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to cany on the mapping in East Lothian, begun by Professor Eamsay in 1864. 
Archibald Geikie was recommended and he joined the stafE in his twentieth year. 

He'made the acquaintance of other scientific men in Edinburgh at that time, 
who were impressed with his enthusiasm for geological research. Dr. George 
Wilson, Lecturer on Chemistry in the esdaramural school and Director of the 
Science and Art Museum, in whose laboratory he did chemical analyses, followed 
his early progress with great interest. Robert Chambers, Professor Pleming, 
one of the able naturalists of that period, and Professor James David Porbes, 
whose work among the glaciers of the Alps and Norway is familiar to geologists, 
befriended him. Forbes, who was Secretary of the Royal Society of Edinburgh 
for twenty years, appealed to him to contribute papers to the Society, for he 
regretted the decline of geological research in Scotland since the days of Hutton, 
Hall and Pla3rfair. Archibald Greikie responded cordially to this appeal in later 
years by communicating his best papers to this Society. 

From the point of view of worldly advancement, Murchison was his greatest 
benefactor. In 1860, after a few years’ experience of field work in the lowlands, 
the young geologist was requested by Murchison to accompany him in the 
North-west and Central Highlands to determine the order of succession of 
the rocks in those regions. From these traverses arose an intimate friendship, 
which lasted tiU the close of Murchison’s life in 1871. Through Murchison’s 
influence he was appointed first Director of the Geological Survey in Scotland 
in 1867. When Murchison offered to share the endowment of the new Chair 
of Geology in Edinburgh University, he stipulated with the Government that 
Archibald Geikie should be the first Professor. 

The areas fixed by Professor Ramsay, then Director of the Geological Survey 
of Great Britain, to be mapped by Archibald Gteikie in his early official career, 
gave him great gratification. His colleague was H. H. Howell, a coal-field 
expert, and after completing the survey of the low ground in the county of 
Haddington, they moved westward to Midlothian. To Geikie was assigned the 
area west of the! coalfield, ranging from Arthur’s Seat and the Pentland Hills 
to the Bathgate Hills, and northwards into Fife. His experience in those 
areas determined the fines of research in which he did his best work. The evi- 
dence bearing on the glaciation of the region, the development of the Old Red 
Sandstone formation in the Pentland HiUs, and the occurrence of volcanic 
rocks on different geological horizons, suggested fields of investigation that 
mi^t bear rich fruit. 

In his early survey days, in common with the prevalent opinion of that time, 
he attributed the polishing and grooving of the rocks to the action of currents 
and icebergs, but under the influence of Professor Ramsay, who had already 
described the vanished glaciers of North Wales, he adopted the view, propounded 
by Agassiz during his visit to Scotland in 1840, that these phenomena were due 
to the action of land ice. In 1862 he contributed to the Glasgow Geobgieal 
Society ,a valuable paper on ‘ The Glacial Drift of Scotland ’ (published in 
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1863), wMcii helped to place the investigation of these deposits on right lines. 
He showed how the rock striations radiated from the main mountain ranges ; 
he described the local character of the boulder-clay, its relation to the undarljdng 
rocks, the direction of transport of the materials, its striated pavements, the 
intercalated deposits of sand and gravel— observations which have stood the 
test of time. Prom these phenomena he inferred that during the earlier part 
of the glacial period Scotland was covered with an ice sheet after the manner 
of Greenland, that the boulder-clay was a product of this ice-sheet, and that the 
stratified beds in the TiU, marked periods of lessened severity of climate when the 
ice retired for some distance. He described the inland stratified drift and the 
fossiliferous manne shelly clays of the Clyde basin, so admirably worked out by 
Smith of Jordanhill. He suggested that the moraines in the upland valleys 
indicated the gradual shrinkage of the ice-sheet into local glaciers, and the 
final disappearance of the ice. 

Availing himself of the researches of Smith of Jordanhill, Edward Forbes, 
T. F. Jamieson and others, he appended to this paper a list of organic remains 
from the glacial deposits of Scotland. 

This paper proved of great service to British geologists at that time, as it gave 
an outline of the conditions which probably prevailed during the glacial period 
in this country, and suggested the lines along which investigation should pro- 
ceed. It held the field till the publication in 1874 of the well-known volume, 
‘ The Great Ice Age,’ by his younger brother, Professor James Geikie. 

As the Scottish survey work advanced, it fell to the lot of Archibald Geikie 
to map in detail large areas of the Old Bed Sandstone in Midlothian, 
Lanartohire, Ayrshire, and in the counties of Fife, Perth and Kinross. He 
also examined the districts surveyed by other members of the staff south of 
the Grampians. Throughout this region it had been proved that this 
formation consisted of two divisions, an upper and lower, separated by a 
marked unconformability, and characterised by different fiish-faunas. 

North of the Grampians, however, Murchison adopted a triple classification 
by introducing a middle division, composed of the Caithness flagstones. From 
their lithological characters and fossil contents, he maintained that this flag- 
stone series belonged to a different division of the formation. He argued that 
the fish-fauna found in this series differed in important points from that 
occurring in the flagstones, sandstones and shales of Lower Old Bed Sandstone 
age in Forfarshire. It was therefore of younger date. He also suggested that 
the Caithness flagstones might have been laid down during the long interval 
separating the lower and upper divisions south of the Grampians. 

Hugh Miller and Dr. Malcolmson had proved the occurrence of the upper 
division with its characteristic fish-remains in the basin of the Moray Firth, 
and they further showed that the ichthyolites found in the lower beds in that 
region resembled those met with in the flagstones of Caithness and Orkney. 

Such was the position of enquiry when Geikie began a series of traverses 
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in the basin of the. Moray Firth, Caithness, Orkney and the Shetland Isles. 
In 1878 he communicated to the Eoyal Society of Edinburgh an elaborate 
paper on the ‘ Old Red Sandstone of Western Europe,’ which embodied the 
results of these traverses. It was intended to be the first of a series, 
descriptive of the other areas occupied by this formation in the British Isles, 
but his removal to London in 1882 prevented him from carrying out this 
intention. The other areas were dealt with at a later date in his treatise on 
the ‘Ancient Volcanoes of Great Britain,’ with special reference to the 
records of volcanic action associated with them. 

One of the special features of this communication is the vivid description of 
the geographical changes in Western Europe that followed the marine 
conditions of Silurian time. Adopting the theory of the lacustrine origin of 
the Old Red Sandstone suggested by Fleming and Godwin Austin, and 
supported by Rupert Jones on palaeontological evidence, and by Professor 
Ramsay on lithological grounds, he held that in North-West Europe the 
Silurian sea gave place to continental conditions with large inland lakes. He 
defined the areas of the various basins of deposit of the Old Red Sandstone 
in the British Isles, and gave them the following names : — (1) Lake Orcadie, 
including the extensive region north of the Grampian range and stretching 
north to the Shetland Isles ; (2) Lake Caledonia or the Mid-Scottish Basin 
between the Grampian Highlands and the Southern Uplands ; (3) the Lake 
of Lome extending from the south-east of Mull to Loch Awe ; (4) Lake Cheviot, 
including a part of the south-east of Scotland and north of England ; (5) the 
Welsh Lake, bounded' on the north by the Cambrian and Silurian high grounds, 
its southern and eastern extension being obscured by later formations. 

The deposits in Lake Orcadie were grouped by him in two'divisions ; a lower, 
comprising the Caithness flagstone series, and an upper, composed of false- 
bedded sandstones and marls with its characteristic fish-fauna, resting 
uncomformably on the lower as in the midland valley of Scotland. He 
pointed out that Murchison’s lower division in Caithness consisted merely of 
the thick accumulation of sandstones, breccias and conglomerates that underlie 
the Caithness flagstone series. 

The distinctive feature of the paper was his correlation of the Caithness 
flagstone series (Murchison’s middle division) with the true Lower Old Red 
Sandstone south of the Grampians. He admitted the marked differences in 
the lithological characters and fossil contents of the deposits in the two areas, 
but he contended that the palaeontological distinctions are probably not greater 
“ than the contrast between the ichthyic faunas of adjacent but disconnected 
water basins at the present time.” 

Much new information bearing on the distribution and field relations of 
these deposits was embodied in this communication. The main features in 
the geological structure of Caithness were indicated ; the great overlap at 
Reay in the north of that coimty, where the higher members of the fliagstones 
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rest imconformably on, the crystalline schists, was clearly established ; his 
suggestion that the fish-bearing bands and associated strata in the Moray 
Firth basin are the equivalents of part of the higher portion of the Caithness 
flagstone series has been confirmed by the later detailed mapping of the 
Geological Survey. He jdso recorded for the first time the uruconformability 
between the Upper Old Red Sandstone and the Caithness flagstones visible 
on the west coast of the island of Hoy, Orkney. 

In accordance with his classification the Caithness flagstone series and 
associated strata were grouped with the lower division of the system in the 
o£S.cial pubhcations of the Geological Survey. But after his retirement from 
the Survey, the palseobotanical evidence threw new light upon the problem. 
The researches of Dr. Kidston and Mr. P. Macnair showed that the assemblage 
of plants found in the Caithness flagstones differed from those met with in 
the Lower Old Red Sandstone south of the Grampian Chain, and ought to 
be referred to a middle division. The triple classification based upon the 
plants harmonised with that advanced by Dr. Traquair, based upon the fishes. 
The value of this evidence was appreciated by the Geological Survey in 1902, 
and the three-fold grouping of the system has been adopted in the official 
pubhcations since that date. 

Turning now to volcanic geology we enter a sphere of research in which 
Archibald Geikie laboured with great success. This branch of geological 
enquiry roused his enthusiasm, and led him to study volcanic phenomena in 
the British Isles and other lands. As his knowledge of volcanic activity in 
different geological periods increased, he showed great aptitude in modifying 
his opinions in accordance with fresh evidence. 

In mapping the areas assigned to him in Mid-Lothian, West Lothian and 
Fife in his early official life, he frankly acknowledged his obhgations to the 
clear descriptions of Charles Maclaren, whose work was far in advance of its 
time. These d^criptions proved the occurrence of volcanic action in Old 
Red Sandstone and Calciferous Sandstone time. His own field work in the 
Bathgate Hills showed that volcanoes were active at intervals during the 
Carboniferous Limestone period on higher horizons than those of the Arthur’s 
Seat volcano. He recorded the prevalence of later intrusive dykes traversing 
the Carboniferous strata. From his own researches and the work of other 
investigators, he prepared a paper on the “ Chronology of the Trap Rocks of 
Scotland,” published in the ‘ Transactions of the Royal Society of Edinburgh’ 
in 1861. In the map illustrating this communication the Trap Rocks are 
referred to the Old Red Sandstone, Carboniferous, Oolitic and Tertiary periods. 
In accordance with the classification of Edward Forbes, the extensive basaltic 
plateaux of the West Highlands were assigned to the Jurassic period, except 
the lavas at Ardtun, in Mull, which are associated with the well-known leaf 
beds described by the Duke of Argyll. This grouping was corrected in an 
important paper that appeared in the ‘ Proceedings of the Royal Society of 
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Edinburgh’ in 1867, in wMoh he suggested that the basaltic plateaux, 
extending from the North of Ireland, along the West Coast of Scotland to 
the Faroe Islands and Iceland, were all erupted probably during the Tertiary 
period. Even at that date he emphasised the importance of the system of 
intrusive dykes, which, in his opinion, was possibly the most striking mani- 
festation of Tertiary volcanic activity. 

While mapping the volcanic area in Fife between Burntisland and the 
Saline HUls, he visited the Auvergne in Central France, with its extinct but 
recent volcanoes, to increase his knowledge of volcanic phenomena. In 1868 
he visited the volcanic district of the Eifel in Germany, and in 1870, at the 
request of Poulett-Scrope — author of the well-known volume on ‘ Geology 
and Extinct Volcanoes of Central France ’—he undertook an examination of 
the volcanic districts of Southern Italy and the Lipari Islands. He was 
impressed by the contrast between the comparatively low craters of the 
Phlegrean Fields, where the eruptive noaterials consist mainly of tuffs with 
few lava flows, and the great crater wall of Monte Somma, whose lavas are 
piled on each other to a great height and pierced by innumerable vertical 
dykes filling fissures made at successive eruptions. An attack of malarial 
fever prevented him from carrying out his intention of examining the Lipari 
Islands. 

Another stage in his pursuit of the study of volcanic phenomena in Scotland 
is marked by an important paper contriWted to the Royal Society of Edin- 
burgh in 1879, on the “ Carboniferous Volcanic Rocks of the Firth of Forth 
Basin— their Structure in the Field and under the Microscope.” 

As his field work proceeded in the Lothians and Fife, he felt the necessity of 
applying the microscope to tibie study of the igneous rocks in order to gain 
definite knowledge regarding their internal composition and structure. He 
realised that much new light might be thrown on the history of volcanic action 
in this region by this field of enquiry. 

In his historical sketch, he notes with pleasure that the igneous rocks of the 
Edinburgh district furnished Hutton with the evidence whereby he established 
the igneous origin of “ whinstone ” (basalt) and led to the famous experiments 
of Hall which laid the foundations of experimental geology. 

The volcanic masses were grouped by him in four sub-divisions : (1) Necks 
ca Vents ; (2) Intrusive Sheets and Dykes ; (3) Contemporaneous Lavas ; 
(4) Tuffs. A notable feature of this communication was the prominence given 
to the numerous necks or vents occurring in the Lothians, Fife and Stirling- 
shire, feom which proceeded showers of ashes and sheets of lava. Most of 
them were regarded as belon^ng to diSerent stages of Lower Carboniferous 
time, while others were supposed to be later than the folding and faulting of 
the Carboniferous sediments, and were referred to the Permian period. The 
occurrence of these vents and their wide distribution is one of the valuable 
contributions made by Archibald GeUde to Scottish volcanic geology. 
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In the petrographical part of this paper he acknowledges Allport’s researches 
on the Carboniferous dolerites round Edinburgh and gives an outline of 
his own investigations. Subsequent petrographical work has shown that 
he did valuable pioneer work in this branch of inquiry, for he was the first 
to describe many important features of the microscopic characters of these 
rocks, 

Archibald Geikie’s discovery of proofs of volcanic action during Permian 
time in Scotland is of special interest. "While mapping the Mauchline district 
in Ayrshire he recorded a series of contemporaneous lavas and tuffs under- 
lying the Permian sandstones of that region, and forming a ring of higher 
ground between the Carboniferous and Permian sediments. This discovery 
was announced in the ‘ Geological Magazine ’ in 1866. Similar types of lava, 
were mapped by him in the Thornhill basin in 1868, where they are also asso- 
ciated with Permian sandstones. He laid special emphasis on the occurrence 
of volcanic necks in excellent preservation in Ayrshire, which he referred to 
this period. Some of the smaller ones rise through the ring of Permian lavas, 
while others occur in the upper division of the Coal Measures. They are filled 
with agglomerate, pierced in some oases by igneous intrusions. 

In describing the volcanic phenomena of Permian age, he suggested that 
the great series of volcanic vents in East Fife probably belonged to this period. 
He also suggested that the coarse agglomerates of the Arthur’s Seat volcano, 
and the associated igneous rocks, which, in his opinion, marked a second period 
of volcanic activity, were probably erupted during Permian time. But the 
subsequent detailed mapping of the Geological Survey led him to accept 
Maclaren’s later interpretation, confirmed by Professor Judd, that these 
coarse agglomerates occurred within the vent from which the lavas and tuffs 
of the hill had been discharged during one period of volcanic action in Lower 
Carboniferous time. 

Another great opportunity of extending his knowledge of volcanic phenomena 
occurred to Archibald GeiMe in 1879. He had arranged to give a course of 
lectures at the Lowell Institute, Boston, in the autumn of that year, and he 
resolved to spend the summer in traversing the extensive lava fields, drained 
by the Snake Eiver, in Idaho, on the Pacific slope of the United States. The 
vast floods of lava in that region, with no visible cones and craters, were 
explained by Richthofen as being due to fissure eruptions. Hitherto Geikie 
had. regarded the Scottish volcanic plateaux as having issued from local vents, 
but this visit widened his conceptions. The great lava plain looked as if it 
“ had been filled with molten rock which had kept its level and wound in and 
out along the bays and promontories of the mountain slopes as a sheet of water 
would have done.” The Snake River has cut a gorge through this plain, which 
exposes a succession of sheets of basalt to a depth of several hundred feet. No 
central cone from which these lavas might have been erupted was visible, 
only a few cinder cones of secondary origin appeared at wide intervals on the 
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basaltic plain. The suggestion then occurred to him that the Tertiary volcanic 
plateaux of Western Europe might have had a similar origin. 

Inspired by this conception, he revisited the West Highlands at intervals 
for several years to continue his investigations among the Tertiary igneous 
rocks. He was also impelled to do so by the remarkable interpretation of the 
volcanic history of that region advanced by Prof. Judd. In a paper com- 
municated to the Geological Society on ‘The Ancient Volcanoes of the 
Highlands ’ in 1874, Prof. Judd described the basal wrecks of five great extinct 
Tertiary volcanoes (Skye, Mull, Hum, Ardnamurchan and St. Kilda) ; the one 
in Mull was estimated by him to have reached a height of 14,500 feet. They 
indicated three periods of volcanic activity. The first was marked by the 
extrusion of acid lavas and tuffs connected with plutonic masses of granite, 
the second by basaltic lavas and tuffs related to deep-seated masses of gabbro, 
and the third by the discharge of lavas from small sporadic cones after the great 
central volcanoes had become extinct. 

At last, after a quarter of a century of intermittent labour in this subject, 
Archibald Gfeikie presented, in 1888, to the Royal Society of Edinburgh his 
great memoir on ‘ The History of Volcanic Action during the Tertiary Period 
in the British Isles.’ In the preparation of this monograph he acknowledges 
the assistance he received from several of his colleagues. A prominent feature 
of it is the elaborate description of the system of basic dykes, the importance 
of which he recognised early in his career. His main conclusions may thus be 
briefly summarised. 

Owing to enormous horizontal tension, a series of more ox less parallel fissures 
arose in Tertiary time in a tract of country, including the north of;England'and 
Ireland, the southern half and the west coast of Scotland — a total area of about 
40,000 square miles. Molten material rose up these fissures, thereby giving 
rise to the numerous basic dykes which are the distinctive feature of the volcanic 
region. The basalt plateaux are supposed to be due to streams of lava issuing 
from these fissures and from vents occurring along these lines of weakness. 
After these sheets of lava had accumulated to a great thickness, they were 
injected by laccolitic masses of gabbro, and sills and veins of dolerite. At a 
later period the gabbros and basalt lavas were alike disrupted and pierced by 
acid igneous rocks, ranging from granites and granoph 3 nres to poq)hyri6s and 
felsites. Crustal movements again ensued whereby another series of fissures 
was established, now filled with basic dykes that traverse ahke the basalt 
plateaux, the later gabbros, granophyres and granites. 

It is interesting to observe that these main conclusions were confirmed by 
Dr. Harker in the course of his detailed mapping of the central mountain group 
of Skye for the Geological Survey. But from the recent exhaustive memoir 
issued by the Geological Survey on the ‘ Tertiary and Post-Tertiary Geology of 
Mull, Loch Aline and Oban,’ it is evident that tiie volcanio history of Mull is 
nhich more complicated than A. Geikie or Professor Judd inugined. Mull 
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is regaxded as a volcanic centre of extreme complexity wHch “ lias repeatedly 
served as a focus of fissure eruptions ; but it is doubtful whetber tbe lavas still 
spared by erosion are not, in tbe main, tbe products of a central volcano, an 
idea al-ways linlrad with tbe name of Professor Judd.” 

BQs last contribution to this branch of geology was bis comprebensive 
treatise on tbe ‘ Ancient Volcanoes of Great Britain,' which appeared in 1897. 
It presented a summary of the knowledge then ascertained regarding these 
volcanoes, and embodied tbe results of his own researches and of others who 
had worked at volcanic problems in the field and in the laboratory. It traversed 
a wide field of enquiry, for the opening chapters of the trealase are devoted to 
the discussion of the general principles and methods of investigation of volcanic 
phenomena, which are followed by detailed descriptions of the proofs of volcanic 
activity in Britain rangii^ from pre-Cambrian to Tertiary time. 

In the traverses with Murchison in the North-West and Central Highlands in 
1860, Archibald GeiMe had to deal with problems of fundamental importance 
connected with the geology of the HighWds. The researches of MaccuUoch, 
Murchison and Sedgwick, Hay Cunningham and Hugh Miller, showed that the 
belt of quartzites and Umestones in the West of Sutherland and Ross ate 
succeeded eastwards by metamorphic rocks that stretch across the Great Glen 
to the eastern border of the Highlands. Accepting Salter’s determination of the 
fossils found in these limestones by Mr. C. W. Peach, Murchison regarded 
these strata as Silurian (now known to be Cambrian by Mr. A. Macconochie’s 
discovery of the Olenellus fauna in the Pucoid beds). He contended that these 
Silurian strata pass cmformabh/ below, and are overlain by, the metamorphic 
rocks to the east, and inferred that this metamorphic series must belong to the 
san^ system. This interpretation meant a radical change in the geological 
map of Scotland, for the area occupied by these altered strata amounts to about 
11,000 square miles. 

Professor Nicol, on the other hand mwntained that no confomaable upward 
succession from the fossiliferous limestones and associated strata to the over- 
lyii^ schists is to be found. He held that the line of junction is a line of fault 
“everywhere indicated by proofs of fracture, contortion of the strata, and 
powerful igneous action.” 

It fell to the lot of Archibald Geilde to traverse rapidly with Murchison the 
line of junction in the county of Ross, where, owing to stupendous inversions 
and overthrusts, the prevalent dip of the fossiliferous strata and the Eastern 
Schists is towards the east-south-east. He was misled by the apparent super- 
position and especially by certain deceptive sections in which the Eastern 
Schists rest with similar dip and strike upon the undisturbed Silurian rooks. 
Eventually he accepted Murchison’s interpretation. 

The results of the^ traverses were embodied in a joint paper commumcated 
to the Geological Society, London, in 1861, ‘ On the Altered Rocks of ili.e 
Western Islands of ScotWd, and the North-Western and Central Higblainda.’ 
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Murchison’s interpretation of the structure was therein described and illustrated 
by sections in such convincing form that it met with general acceptance for 
many years. 

In 1878 the controversy was reopened, and Murchison’s position was shown 
to be untenable by several investigators. Dr. Hicks, Prof. Bonney, and 
Dr. Callaway made important contributions to the problem. 

Prof. Lapworth grasped the true solution of the geological structure of that 
region. In 1883 he began a series of articles in the ‘ Geological Magazine ’ on 
“ The Secret of the Highlands,” based on his detailed mapping of the Dumess- 
EireboU region in 1882, but, owing to severe illness, this series was never 
completed. He therein demonstrated the inversion .of the Silurian strata on 
the east side of Loch Bireboll and the unconformable junction of the basal 
quartzite with the old Archsean floor on the east side of the fold at Ant-Sron. 
From his paper on “ The Close of the Highland Controversy ” (‘ Geol. Mag.,’ 
1886), and from the “ Obituary Notice of Charles Lapworth,” by Prof. Watts 
and Sir Jethro Teall (‘ Proc. Boy. Soc.,' 1921), it is clear that he recognised 
that the Archaean Gneiss had been driven over the fossiliferous quartzites on 
Ben AmaboU by a gently inclined overthrust fault. Along this plane of 
movement, and at other localities, the original rooks had been crushed and 
rolled out into types which he termed mylonites. On the shore at Heilim, 
on the east side of Loch Eireboll, he observed that the serpulite grit had been 
repeated many times by clean-cut faults, a striking illustration of imbricate 
structure. All these phenomena were shown in the field in 1883 to Sir Jethro 
Teall by Prof. Lapworth. 

. The Durness-Eireboll region was mapped by Peach and Home in 1883-84, 
when they reached conclusions practically identical with those of Prof. 
Lapworth regarding the stratigraphy and metamorphism of the rooks, in 
corhplete ignorance of his results (see ” Close of the Highland Controversy,” 
p. 98, ‘ Geol. Mag.,’ 1885). It was then proved in the course of the geolo^cal 
survey work that under extreme lateral pressure the rooks behaved like brittle, 
rigid bodies ; they snapped and were teven westwards in successive slices, 
so that crystallme gneiss and schist are made to rest upon fossiliferous strata 
(rf Silurian age. It was further shown that the Eastern Schists were driven' 
W^wards by the Moine thrust — ^the most easterly and most powerful of the 
seishs— for a minimum distance of ten miles over all underlying thrust masses, 
taU thsyrestdirectly upon the Siluriaa (Cambrian) limestone in the Durness 
basin. 

The evidence proving these conclusions was carefttlly inspected ih the field 
by Archibald Geikie, who had never had an opportunity of examining the 
Eireboll. sections. He was completely convinced that Murchfion’s- interpre- 
tation of the structure must be abandoned, and he took' the e^Eest opportunity 
of making a public declaration to this effect. A report giviit^ the results of 
the work by Peach and Home, with a preface Ty Geikie cohtajning a 

VOL. xoix.— B. , 2 p 



xiv OhituoiTy Notices of Fellows deceased. 

confession that he had been nhsled and that he had accepted the conclusions 
of his colleagues, appeared in ‘ Nature,’ November 13th, 1884. 

In dealing with the geological structure of the Silurian rooks of the Southern 
Uplands, he accepted the order of succession adopted by Nicol and Murchison, 
ftTirl 'was largely influenced in holding this opinion by the doctrine of Colonies. 
This theory was introduced by Barrande, the distinguished palseontologist, 
to erplidn the intercalation of fossils, belonging to higher zones, in lower 
portions of the Silurian succession in Bohemia. These precursory fossiliferous 
bands were termed “ Colonies.” The distribution of the bands of graptolite 
shale in the Soutihem Uplands as mapped by the Geological Survey was regarded 
as an instance of the precursory appearance of the higher graptolite forms 
in the Mofiat region and their disappearance in the Lead Hills district. 

But the researches of Prof. Lapworth furnished the key to the solution 
of the structure of the Chain. He demonstrated a definite faunal sequence in 
the graptolites which is persistent though the strata may be inverted by folding. 
He further proved a great variation in the character of the contemporaneous 
sedimentary deposits ; the black shales of the Moffat region, ranging from 
Arenig to Llandovery time, about three hundred feet in thickness, being repre- 
sented in the Girvan area by several thousand feet of sedimentary deposits, 

Eeference must be made to his tenure of the Chair of Geology for eleven 
years in Edinburgh University. By his lectures, which were given in a clear and 
attractive form, and especially by his class excursions, he was an inspiring 
teacher. Edinburgh is an ideal centre for practical training in field geology, 
but in addition, at the end of each session, he carried out a long excursion, 
lasting a week or ten days, to examine special problems in the field. Receptive 
students who took part in these excursions felt the influence of his personality. 
He thus describes the impression produced on one of his former students by 
these practical demonstrations. 

“ These students rambles and the love of geology which they fostered have 
dwelt ever since those days in Sir William Herdman’s memory, and though he 
has become eminent in another fiield of natural science, he has assured me that 
it was the remembrance of his experience in the Geology Class at Edinburgh 
and its excursions which led him in recent years to found and endow a Professor- 
ship of Geology in the University of Liverpool. It is not always that a teacher 
fives to see the fruition of his labours. Certainly no incident connected with 
my professional career has given me keener pleasure than this generous liberality 
of a former student.” 

Archibald Geikie’s eminent services as an exponent of geological science 
in his class-books and text-books demand special mention. His experience 
in the field during his early ofiGicial career enabled him to test the truth of the 
principles laid down by Hutton and illustrated by Playfair, regarding the evo- 
lution of the earth’s surface features'. The potency of the ordinary agents of 
denudation in hollowing out valleys was not admitted by some of the leading 
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geologists of that time. Even Sir Charles Lyell, who was the great exponent 
of the imiformitarian school, contended towards the close of his career that the 
principal valleys in almost every great hydrographical basin “ have been due ■ 
to other causes besides the mere excavating power of rivers.” 

Gfeikie was an ardent follower of the views of Hutton and Playfair. He was 
impressed . with the remark of Desmarest when pointing out the value of 
Hutton’s contributions to the natural history of the earth and the physical 
geography of Scotland : “ It is to Scotland that Hutton’s opponents must go 
to amend his results and substitute for them a more rational explanation.” 
Geikie was convinced that Scottish topography furnished no grounds for such 
opposition. He produced in 1865 his volume on ‘ The Scenery of Scotland 
viewed in Connection with its Physical Geology,’ which gave an excellent 
popular description of the Huttonian principles of earth-sculpture as illustrated 
by the country he knew best. He showed with great clearness and artistic 
style how the ordinary agents of denudation — ^rain, rivers, the sea, the wind, and 
moving ice— acting upon different types of rock, had carved out the distinctive 
varieties of Scottish scenery. As the volume was based on personal acquaintance 
with the physical features of the country, and a knowledge of its geological 
structure then ascertained, it immediately arrested attention. Its success was 
marked ; it ran through three editions, the later editions incorporating the more 
important advances in Scottish geology. 

In view of the success of this volume, he then projected a series of educa- 
tional works on Physical Geography and Geology to meet the public demand. 
In 1873 he contributed to Macmillan’s elementary science series a primer 
on each of these subjects — a task which cost him excessive labour. His aim 
in writing the ‘Physical Geography Primer’ was to stimulate habits of observa- 
tion of the common phenomena of every-day experience. It ranks as one of 
his best educational achievements. These primers were followed ty class-books 
on the same subjects, for which there has been a great demand. The great 
educational value of these publications is beyond doubt. Their success is due 
to his teaching being permeated with the Huttonian conceptions of natiural 
forces now in operation and to the exquisite literary form in which the lessons 
are presented. 

These primers and class-books were meant to be the precursors of his great 
‘ Text-book of Geology,’ the first edition of which appeared in 1882. This 
volume was intended for the use of students and professional workers in the 
science, and so well did it meet the requirements of the time that the whole 
issue was disposed of in a comparatively short period. One of the valuable 
features of the book was his analysis of the research done in other countries 
in each of the great divisions of the geological record. It reflected extensive 
reading and the careful preparation of brief sununarie| of the results achieved. 
He made a strenuous effort to beep each successiv^ edition abreast of the 
research of the time, and, in dealing with his own recoj^, he frankly abandoned 
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positions which he had previously held when now evidence proved that they 
were erroneous. The fourth edition, published in 1903, after his retirement 
from the Survey, is notable for copious references to the geological literature 
of other countries, which cost him enormous labour. It is also notable for the 
qualification which he attached to Huttonian teaching, as he thought unifor- 
mitarianism had been pushed too far. 

“ It has often been insisted upon that the Present is the key to the Past ; 
and in a wide sense this assertion is eminently trxie. . . . While, however, the 
present condition of things is thus employed, we must obviously be on our 
guard against the danger of unconsciously assuming that the phase of nature’s 
operations which we now witness has been the same in all past time. . . , 
For aught we can tell, the present is an era of quietude and slow change com- 
pared with some of the eras that have preceded it.” 

A reprint of the fourth edition of the text-book was issued in 1924:. 

His active brain and fertile pen enabled him to produce several biographies 
in the midst of other onerous labours. He completed the ‘ Life of Edward 
Forbes,’ begun by Dr. Wilson ; he wrote the ‘Memoirs of James David Forbes,’ 
of Murchison, of Eamsay, who succeeded Murchison as Director-General of the, 
Geological Survey. The Life of Murchison is of permanent interest to geoiei^': 
gists from his vivid sketches of the Founders of Geology in Scotland and 
England, and from his description of the achievements of Sedgwick and 
Murchison in establishing the Cambrian, Silurian and Devonian systems. 
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THOMAS GEORGE BONNEY— 1833-1923. 

Rabely can there have been a scientific man so many-sided as Thomas 
George Bonney ; mathematician, classic, theologian ; by turns college tutor 
and Alpine traveller, Whitehall preacher, Rede Lecturer, and Professor of 
Geology, journalist and artist ; writer on popular subjects like architecture 
and landscape and of scientific papers in the most precise style : organiser, 
teacher, climber, and critic. Industrious and capable, he was not averse from 
undertaking tasks that most men would have shrunk from ; methodical and 
purposeful, he carried through whatever he undertook. As a result he put to 
his credit over 200 scientific papers, an average of about four a year for an 
active period of more than half a century, wrote a shelf-full of books, a long 
series of scientific articles, and several volumes of sermons ; yet he found time 
to edit or write supplements and appendices to the works of many of his friends. 

In addition to all this, as Tutor and Lecturer in a large College, or as 
Professor in another University, he for many years sent out a stream of pupils 
who accomplished a vast amount of original geological research and filled many 
of the more important geological posts in the country. 

Of Huguenot family, son and grandson of clergymen, he was born in 1833, 
the eldest of the ten children of the Rev. Thomas Bonney, headmaster of 
Rugeley Grammar School and perpetual curate of the small neighbouring parish 
of Pipe Redware. Educated at first at home, where he began to acquire his 
taste for natural history, he went to Uppingham at about 14, obtained a school 
exhibition and proceeded to St. John’s College, Cambridge, where he soon 
gained a scholarship. He graduated as 12th wrangler in 1886 and obtained 
a second-class in the Classical Tripos in the same year, but was prevented by 
his health from going on to the Theological Tripos, as he had intended. 

After some geological work in the South of England and a long vacation in 
Switzerland, he was appointed mathematical master at Westminster School, 
where he took orders. He was elected in 1869 to a PeUowship at St. John’s, 
which he held to the end of his life, and was recalled to Cambridge in 1861 as 
Junior Dean, thus beginning an academic career which was unbroken for nearly 
20 years. He was appointed Tutor in 1868, started a course of geolo^cal lectures 
in the College, and in the foUovnng year was appointed College Lecturer on that 
subject. In this capacity there devolved upon him the main responsibility for 
geological teaching in the University during Sedgwick’s declining years, and 
Bonney might reasonably have expected to succeed to the Woodwardian 
chair in 1873. This appointment, however, in those days made direct by the 
Senate, he lost by a few votes, but he continued his teaching side by side with 
the new Professor for another seven years. He dealt with a great variety 
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of subjects, always attracting considerable audiences ; but bis chief joy was 
in the teaching, done mostly in his own rooms and with his own instruments, 
of microscopic petrology, on which he had made himself a recognised authority, 
thus becoming one of the earliest teachers of that subject in the country. 

In 1877 he accepted the appointment of Professor of Geology at University 
College, London, in succession to his friend John Morris, and for some years 
conducted the (part-time) work of the chair from Cambridge. In 1881, 
however, having been appointed Secretary of the British Association, and 
changes having occurred in the Mastership of his College, he decided to leave 
Cambridge and settle in Hampstead, where for many years he had the com- 
panionship of his sister to keep house for him. The Secretaryship he retained 
for four years, during which he organised the first meeting of the Association 
outside Britain— the Montreal Meeting— that turned out in every way a great 
success, the harbinger of and model for other overseas meetings. 

Shortly after his return from Canada he became scientific correspondent to 
the ‘ Standard,’ and this work making a heavy demand upon his time, he 
resigned his professorship, which he had held for 24 years, in 1901, having felt 
for some time that the provision made by the College for teaching material 
and apparatus was wholly inadeo[uate. He was afterwards made Professor 
Emeritus. His journalistic work continued till 1906, and then he returned to 
Cambridge and took the house in Scroope Terrace which he continued to occupy 
till the end of his life, keeping close touch with his College and especially with 
the Geological Department in the Sedgwick Museum, where he had a room and 
saw much of the undergraduate students. After nearly a year of declining 
health he passed away on December 10, 1923, in his ninety-first year. 

He joined the Geological Society in 1860, was Secretary from 1878 till 1884, 
became President in 1884, and received the Wollaston Medal in 1889. He was 
also President of the Mineralogical Society, 1884-1886, of the Alpine Qub, 1883, 
of Section C of the British Association in 1886, and of the Association itseM at 
the Sheffield Meeting in 1910. He was elected a Bellow of the Eoyal Society in 
1878, served on the Council on three occasions, and was a Vice-President in 
1898-99, Honorary doctorates were conferred upon him by the Universities of 
Montreal, Dublin, and Sheffield, and he was an honorary or corresponding 
member of many scientific societies, British and Foreign. He was also an 
Honorary Canon of Manchester, held the office of Whitehall preacher, and on 
several occasions delivered the University sermon at Cambridge, once as 
Hulsean Lecturer, 

Boimey’s first contribution to science was made in 1862, shortly after his 
return to Cambridge, when he communicated a paper to the British Asso- 
ciation on some flint implements collected by himself at Amiens. This was 
followed by a research into early French history, from which he oonclt^ded 
that the'volcanoes of Central France had been in action in the fifth century. 
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In 1866 came tis first paper on glaciation, a subject in which his interest was 
lifelong. After his first visit to Switzerland he made detailed studies of the 
action of glaciers, which he renewed at intervals on his many subsequent visits, 
and these studies coloured the views which he subsequently developed. He 
came to the conclusion that both the method and extent of glacial erosion had 
been misunderstood, that moving ice had not the plucking ’’ action to which 
the formation of mountain cirques ” had been freely attributed, and that the 
power of ice to flow past fragments carried by it, which he was able to demon- 
strate in favourable localities, was inimical to the execution of extensive 
erosion. As he put it, ice was the file rather than the chisel of Nature.’’ 
For this reason he strenuously opposed the views of Ramsay and others, that 
tarns and even larger lakes had been excavated by glacial erosion, bringing 
forward arguments founded on the profile of many such lakes in depth, and the 
peculiar shape of others, such as Como, in which a projection of softer rook 
had succeeded in dividing the former ice-stream into two, while much harder 
rocks must, according to the theory, have been eroded away. And yet the 
writer can recollect his saying that Anglesey would have been much more 
interesting if it had not been so severely glaciated. 

Neither could he believe that Britain had been reached by an ice-sheet 
from Scandinavia, relying on the deep channel proved by soundings to run 
parallel to the Scandinavian coast, to ward ofi any such stream. Controversy 
on points like these became acute, and Bonney was not inclined to accept the 
contention of others that polar ice-sheet action must be more powerful than 
the valley glacier action which he had studied in Switzerland and Norway, 
and different in nature from it. He found reasons for believing that the chief 
drifts, and especially the great Chalky Boulder-clay, were due to the action of 
marine ice in the form of bergs of the ice-foot, though, of course, he agreed that 
the smaller drift and moraine phenomena resulted from the action of mountain 
glaciers. For many years after 1877 he was too much occupied with other 
subjects to write much on glacial problems, but in 1897 and 1898 he began 
to return to that subject, roused by the newer glacial work which attributed 
the disturbance and contortion of rocks in sitH to the pressure of land ice. 
In this connexion, in company with his friend Canon Hill, he visited Moen 
and Riigen, and studied the drifts of the German Baltic coasts, coming to 
conclusions unfavourable to the views of the extreme glacialists. His 
attitude towards glacial problems was summed up in the address which he 
delivered to the British Association from the Presidential chair at Sheffield, 
an address which roused much controversy leading to a final paper (privately 
printed) on ‘ Channels attributed to Outflow Streams from Ice-Dammed 
Lakes.’ 

Bonney early took an interest in the geology of Cambridgeshire and adopted 
the theory that the complicated structure exhibited by the Roslyn Hill Pit, 
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near Ely, was the result of a series of landslips. The problem of the “ Cambridge 
Greensand,” with its occasional strange, far-transported blocks of stone, also 
attracted him, and he eventually wrote a short guide to tlie geology of the 
neighbourhood, which was much used by students until replaced by the 
Survey Memoir. 

Bonney’s first interest in petrology is evidenced by a paper in 1876 on the 
columnar, fissile and spheroidal structures, in which he connected all these 
together as manifestations of shrinkage during cooling, under varying 
conditions regulating the escape of heat. But by this timA he had 
vigorously taken up the new microscopic study of rocks. What led to 
this is not known. He was certainly ac(juainted with Sorby, pioneer of 
this branch of research, with Zirkel and the Abb6 Eenard, and with 
Mport, the Birmingham naturalist, who for some years had been Tnfl.Tritig 
his own rock-slices, and publishing his results since 1869. His first study 
on these lines was of an ultrabasic rock, Iherzolite, which presented 
considerable difficulties in the identification of its minerals, that were 
successfully overcome. Many other rocks of this type, such as picrite 
and peridotites like dunite and scyelite, and other rocks with uncommon 
minerals or unusual combinations of them, like eclogite and euphotide, luxu 
lyanite, trowlesworthite, rocks bearing glaucophane, antigorite and enstatite, 
and the riebecldte-bearing rock of Mynydd Mawr. He also studied such 
rock structures as cone-in-cone, nodular and lithophysal structures, and even 
the “ fulgurites,” produced by the partial fusion of rocks by lightning on 
mountain peaks and other exposed situations. 

His knowledge of the ultra-basic rocks naturally led to the examination of 
serpentines, rocks exhibiting little structure even under the microscope, and 
only the ghosts of minerals, usually hydrated. At this time these rocks were 
placed among the metamorpMc rocks and considered to be associated with and 
derived from the alteration of limestones. This view he strongly combated, 
collecting specimens from the Lizard, the Alps and Italy, South Scotland’ 
Anglesey, and many other localities, and making a close study of their occur- 
rence and characters in the field. Finding ■ in basic and ultra-basic rocks 
that the olivine was in all stages of alteration into the mineral serpentine, he 
searched his specimens in the light of this observation, and succeeded in showing 
that similar pseudomorphs were occasionally to be recognised in the serpentine 
rocts,^ generally in the higher stages of change. He thus proved that the 
majority of these rocks were normal, ultra-basic rocks, dunites, Iherzolites 
and other peridotites. Bastite, a serpentinous modification of rhombic 
pyroxene, was also found in some of these rocks ; but, while admitting this 
change, Bonney was not prepared to admit that lime-pyroxenes or amphibole, 
stUl less felspars,^ could be similarly changed, owing to the amount of alumina 
and other ingredients that would require removal. He could not himself find 
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evidence of sucli changes, and did not admit the validity of the structural argu- 
ments which had led other workers to admit them. He studied the rocks so 
frequently associated with serpentines, particularly gabhros and hypersthene 
rocks, and maintained that they were not genetically related, but belonged 
to distinct epochs of intrusion. 

Bonney shared with Allport, Judd, and others in the struggle to attain a 
rock classification which should be both natural and self-sufficient, and should 
avoid dependence on theoretical views, some of which might at any moment 
turn out fallacious. Particularly they combated the German use of age as 
an essential factor, since microscopic study showed them that many of the 
differences between pre- and post-Tertiary rocks were due to mineral altera- 
tion, resulting from hydration, devitrification, and other time changes. 

Mr. (now Canon) Edwin Hill, a Bellow and Tutor of St.‘ John's, had sub- 
mitted to Bonney specimens collected by himself in Charnwood Forest in 
Leicestershire, and it was decided that the two should study the area together. 
The result was three papers in 1877 to 1880 and several others in later years, 
closing with a laat one in 1915. This area of igneous and sedimentary rocks 
had been mapped by the Geological Survey as of a Cambrian age, but the only 
direct evidence of age showed no more than that they were pre-Carboniferous- 
Tbe main facts as to order and relationship were established, and, though the 
authors were at first inclined to correlate the rooks with the Ordovician volcanic 
sequence of Lakeland, they ultimately came to regard them as pre-Cambrian. 
The igneous rocks presented considerable analogies with the “ porphyroids " 
of the Ardennes, and, influenced by the opinion of French and Belgian workers, 
Bonney and HiU regarded them as pyroclastic in origin. Later, however, as 
Bonney's experience widened and he grew to rely more on his own observations 
than on those recorded by otheis, and as he studied the Ardennes for himself, 
he very considerably modified these views. The authors showed that, as a 
matter of fact, the rocks had undergone little real metamorphism, although 
their structures had been considerably modified by pressure. Unfortunately 
the papers which contained their results were not very lucidly written, mainly 
on account of the amount of new matter which had to be described, and it 
has not been easy to ascertain how extensive was the addition made by them to 
knowledge of the region. In many cases, indeed, it is only when the ground 
has been carefully worked over and many facts re-discovered, that it is possible 
to realise how great was the task accomplished by th^e pioneers. 

WHle Bonney was investigating Charnwood Forest Hicks had worked his 
way down through the Ordovician and Cambrian Rocks to the underlying 
pre-Cambrian at St. Davids — piece of fascinating research which cast a speli 
on that of British amateur geologists for a decade. Bonney's growing reputation 
and his specially valuable experience in Charnwood brought him specimens for 
report from the chief of the new pre-Cambrian areas as they were opened out, 
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St. Davids, Camarvonsliire, Shropsliire, Anglesey, and later the Scottish 
Highlands, were tackled in turn, and specimens submitted to Prof. Bonney for 
Ms opinion as to their age and origin, sometimes under conditions which did not 
give the new methods a fair chance. Therefore in few cases was he content 
to give his opinion without visiting the area for Mmself, so as to grasp the 
problems at issue and the interpretation which would be attached to his 
pronouncements. In some instances, as in Carnarvon and Anglesey, in the 
Scottish Highlands and the Channel Islands, he found it necessary to make 
prolonged and detailed studies on the spot, and published papers either by 
himself or with the co-operation of Mr. Hill or others. This work showed the 
undoubted existence in these areas of volcanic and plutonic complexes, associ- 
ated sometimes with unaltered and sometimes with metamorphosed sediments, 
imconformahly covered by Cambrian or younger rocks, and indubitably older 
than the Cambrian of the areas in question. As a consequence he became 
sceptical as to the ideas of metamorphism which had run riot for several years 
and had become expressed in the official maps. Particularly was he unable to 
agree that sediments had ever suffered metamorphism to so high a degree as to 
melt them down on a large scale and convert them into igneous products. He 
urged that in the process of making sediments from igneous materials there 
had been much selection, sorting, and elimination of material, so that no ordinary 
type of sediment could be converted into any ordinary type of igneous rock 
unless the missing substances could be restored to it. The extreme meta- 
morphic view, that there was a cycle of metamorphism,” had been espoused 
and strongly advocated by Green in his fascinating work on ‘Physical Geology,' 
and Bonney took a great and somewhat malicious delight in destroying one by 
one the instances used in the chapter headed “ General View of the Crystalline 
Bocks ” to support the proposition that sediments could pass by gradual stages 
into thoroughly crystalline and massive rocks, indistinguishable from primary 
products of magma consolidation. Much attention was paid by Bonney to 
the detailed study of contact metamorphism, whenever opportunity arose, 
and among other cases he collaborated with AUport in an important memoir 
on the effects produced by the intrusion of the granite of New Galloway. 

This work fitted in with the views that he had been gradually formulating 
during his almost annual visits to the Alps and other Continental regions. 
Owing to the fact that highly crystalline rocks of foliated character are often in 
mountain ranges found to rest with apparent conformity on rocks of undoubted 
Secondary or Tertiary ages, it had. been assumed that these were younger^ 
and that rocks of aU ages might by metamorphism become converted into 
highly crystalline schists and gneisses. Bonney, familiar with the highly 
disturbed character of Alpine structure, clearly saw that this “ order of super- 
position ” was untrustworthy, and, in paper after paper, described rocks of this 
nature, both as to their petrological characters and their field relations, com- 
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paring them with those of known pre-Cambrian age in Scotland, Anglesey, and 
elsewhere. On these grounds he concluded that such intensely modified rocks 
were of great antiquity, and that the evidence adduced as to their transition 
into normal sediments was not reliable. As an instance, one of his latest 
papers (with Mr. Winwood) put back the age of the Carrara marble, which had 
been supposed to be of Triassic date. But the most striking case was that of the 
schists of the Lepontine Alps, which yield distorted and partially crystallised 
fossils, used as an example of high metamorphism of Secondary rocks. This 
Bonney strongly controverted on the general grounds of his own work. Visiting 
the areas in question and maldng a detailed study of the rocks in dispute, he was 
able to prove conclusively that, while the rocks were undoubtedly partially 
crystalline, their minerals were not those of the ancient schists and gneisses, 
but were a set characteristic of a low grade of metamorphism, and thus gave 
no support to the cause they had been supposed to aid. This admirable piece of 
work had a great influence on the views of his contemporaries and confirmed 
its author in his own attitude towards the foliated rocks. 

Bonney was of opinion that too much influence had been attributed to pres- 
sure and the general effects of dynamometamorphism, and, though he frequently 
described instances of the effects of pressure in directing mechanical and 
minor chemical changes, he held that this cause had been greatly exaggerated 
by its adherents, a view to some slight extent modified in his last years ; though 
he never departed from the opinion that intensity of metamorphism was, in 
the vast number of cases investigated by himself, a function of an early stage 
in the Earth’s geological history. 

Though an early and active member of the Alpine Club and a close friend 
of Whymper, the Mathews, and other distinguished Alpinists, and though 
occupied with so many of the problems of Alpine geology, Bonney did not take a 
great interest in the history of the chain as a whole, or in the light thrown by 
it on mountain building; but he did on one or two occasions give semi-popular 
lectures or papers on this aspect. 

His visit to Canada produced a crop of papers dealing with the more ancient 
rocks, and one on the circumstances of the occurrence of the so-called Eozoon 
Camdmsey in which he showed that, whatever the stracture might be, its 
occurrence at St, Pierre had no relation to the recently d^cribed occurrence 
of it in Tertiary limestone fragmen-te at Monte Somma. Eock specimens col- 
lected from aU parts of the world were sent to Bonney for study and d^cription, 
Kiese included rocks from Socotra, the Caucasus, Ejlimanjaro, the Andes and 
HimalayaSy the Arctic, and New Zealand. On more than one occasion this 
led to more detailed study, and particularly was tins the witii spedmens 
from the diamond pipes of Kimberley, where he hdd that the gems were 
originally contdned in eclogite masses, cau^t up in kimberlite-breccia 
either from its original home or from a rock containing pebble of it. 
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AVlile the major part of his petrological work was concerned with igneous and 
metamorphic rocks, Bonney did not neglect those of sedimentary origin, as 
proved by his paper on the Ightham stone, and by his address to Section C at 
Birmingham, which may be regarded as the pioneer of a class of investigation 
that has made great strides of late years and bids fair to give new aid in deter- 
mining the age of rocks and to revolutionise our ideas of the geography of past 
epochs. In revisiting his old hom6 on the borders of Cannock Chase, he retained 
his interest in the Triassic rocks, and especially the Bunter Pebble Beds so 
well displayed there. He studied and collected from these throughout their 
range, and found that while many of their constituents could be attributed to 
local sources of origin, the majority and more characteristic types could not 
be thus explained. These he compared with rocks in sM or preserved in the 
Old Bed Conglomerates in Scotland, and claimed a northern origin for them. 
Distance of transport caused no dismay, for his study of the rounding of pebbles 
by Alpine streams convinced him that far travel would be required to give to 
such hard materials their wonderful rounding. Judging by his own experience 
of Alpine “ alluvial cones,” and the description by Blanfordand others of similar 
phenomena on a larger scale in Central Asia, he considered that these beds 
recorded a period of land deposit under arid regime. But for the Keuper Marls 
he was unable to accept an aerial origin and preferred to consider them as 
having been formed in lakes under semi-desert conditions. 

An entirely difEerent line of work was for the Coral Beef Committee of the 
Boyal Society, to which he acted as Chairman, and organised, with aid from 
Australia, the boring through the Atoll of Funafuti. He edited the Beport, 
which, in spite of the triumph which it afforded to Darwin’s theory, was so 
soberly and restrainedly worded that it was hardly realised how much had 
been accomplished by SoUas and David in the way of crucial proof. 

There is not space to do more than mention numerous books of his own, 
his scientific appendices to many books of travel, his text-books and special 
monographs, his volumes of sermons, and his published outline sketches which 
recall his friendship with Elijah Walton, his studies with him in the Alps, and 
his descriptions of scenes in the volumes of Walton’s published sketches. One 
of the last pieces of literary work he attempted and brought to a successful 
issue was his record of the Philosophical Club, a companion volume to Sir 
Archibald Geikie’s book on the History of the Boyal Society Club. 

The Sedgwick-Murchison controversy had left a legacy at Cambridge of 
which a considerable share fell to Bonney. He took no little delight in 
testing the theories of official geologists, and a good deal of his work was 
dictated by the desire to correct what he suspected to be erroneous inter- 
pretations of fact. But his criticisms were by no means confined to official 
work. His mathematical training made him very exacting in his judgment 
of scientific theories, and his wide field experience and very extensive acquain- 
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tance with the various branches of his subject, coupled mth a ready wit and 
the faculty of quick, and sometimes even sharp or sarcastic, reply, made him 
a formidable antagonist in discussion, not only in scientific, but in academic 
and theological matters. Many new theories and their expounders found 
an opponent in him, not because the theories were novel, nor even because 
they were becoming fashionable, but because he demanded that they should 
be exhaustively proved. He had, as he once remarked, often seen '' a new 
theory rise to heaven like a rocket, all star and sparks, only to fall, alas ! to 
earth, all stick and stink.” The name ^^?mlleus erraiicorum,^^ which he pun- 
ningly bestowed on Crosskey, secretary of the ‘‘ erratic blocks ” Committee, 
might well have been applied to himself. But he felt that it was only unsound 
work which would suffer in the clash of expert argument, and that the ’ulti- 
mate truth would always survive, especially as the antagonists would be 
stimulated by it to put forth their strongest and best efforts in support of 
their views. Naturally, the method offended his weaker antagonists, but 
the stronger ones sympathised with his attitude, even while they suffered at 
his hands. 

Tenacious of his views as he was in argument, he was by no means un- 
willing to put the theories of his adversaries to renewed test, and if he could 
convince himself, out of his own work, of their accuracy, he had no hesitation 
in ungrudgingly accepting them, as may be seen from such papers as his later 
ones on the Lizard or Charnwood Forest. 

Revealed by his little volume “Memories of a Long Life” which he 
published in his last years, as teacher, college lecturer, and “Don” 
of a type now passed away, he was especially severe with his pupils. This 
was partly because he desired to instil into them the necessity for absolute 
accuracy, but mainly to urge and stimulate them to more and better work. 
But, inside his academic armour * and within the range of his weapons of attacks 
they found the most tender-hearted kindness, generosity, and good fellowship* 
His students were always welcome in his rooms, and enjoyed the privilege of 
Ms hospitality or of walking with him ; and how enjoyable and encouraging 
were those occasions when the “tutor” was dropped and we might have, 
the pleasure of having him all to ourselves, or the advantage of meeting some 
eminent friend or foreign scientific man. . He was always eager for a student 
to get out his first paper, for he held that he could then rrfy upcm tifete 
Gcm^Im mr^S>mdi to do the rest* 

Hfe field classes were memorable, whether for short days in the Oambrid^ 
neighbourhood, m for longer periods in North or East Wajes, oi in what he 
called “ 'Wmt Wal^.” On these occasions he/aiJ^be^t mm tiban usual and 
became , a mm of anecdote and information, and it was not very difficult % 
turn him aside from, tibe strict programme fora i#inb or cAer 

variant* : h; ^ ' ■ ■ , ■ ^ 
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AlthouglL in most of Hs papers lie played a lone Land, lie rejoiced to work 
in company, and there are an exceptionally large number of joint papers in 
his list, some worked out with his. contemporaries, others with past or present 
students. He did not share much in larger excursions, such as those of the 
Geologists’ Association, but he was closely connected with two of the more 
important foreign ones, those to the Ardennes and to Auvergne, and he wrote 
introductions to them. 

As a popular writer he possessed a flowing pen and a charming style, and 
most of his books and the several publications to which he contributed show 
a wide and accurate knowledge and are delightful to read. His text-books 
were not so lightly written, while in Ms scientific papers his style was severely 
academic and he generally appeared to have found Mmself cramped by Ms 
endeavour to state his case with absolute fidelity, without exaggerating what 
was favourable or glozing over what was unfavourable, to pack his sentences 
as closely as possible with pertinent matter and yet to confine Ms papers witMn 
reasonable limits. As a lecturer, on the other hand, he was perfectly lucid, 
and Ms lecture and class work was judiciously selected and carefully arranged 
so that it was easy to follow, though it kept the note-taker busy. In discussion 
he was brisk and happy, quick in the uptake, most difiicult to corner, and 
very apt in reply. Many of his retorts are treasured by those who heard them, 
but a single one must here suflSice. On one of the rare occasions in which he 
coined a new word, it was pointed out that there existed an older term that 
had been freely used and seemed to fit the case. Like lightning Bonney replied 
that, though granitoidite ” might have its objections, he still preferred it 
to the alternative that had been mentioned, one which “ conceived in ignorance, 
was bom in shame, and bore the stamp of ignominy on its face.” 

His field methods were cMefly traverses and sections. He could afford 
neither time nor patience for detailed mapping, and few of his papers are thus 
illustrated. Either by faculty or training he seemed to lack the power of 

seeing solid ” into a map. He further considered that tMs work could not 
be undertaken by the amateur, who must take such maps as had been prepared 
and test them on the ground in the leisure at Ms disposal. In some of Ms 
controversies it might have been well had he adopted tMs efficient weapon 
from the armoury of Ms adversary. Specimens were collected freely and 
carefully, and as methodically sliced and examined, so that he got together 
one of the largest collections of rocks and slides ever amassed by an individual, 
and his knowledge and recollection of what they showed, with his faculty for 
putting his finger on appropriate specimens in Ms possession and the inforipa- 
tion he had about them, were very remarkable. With great generosity he 
presented rocks and slides to the University of Cambridge. On more than one 
occasion he excused Mms elf from becoming involved in the mass of literatm# 
on a subject, alleging that in many cases the information obtainable was 
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not worth the search and that it was quicker, easier, and more certain to 
collect or re-collect the facts for himself. 

But when all is said and done, it was in teaching, and all that that implies, 
that the Professor found his chief occupation and delight, and, even had his 
original work been but a tithe of what it was, he would have made an unequalled 
reputation as a maker of tools, whereby he put out his talent at compound 
interest. His students were never in very large numbers, but with his keen 
judgment of promise, he was almost invariably able to pick out one or two of 
exceptional quality, whom he would teach, direct, stimulate and, if necessary, 
criticise and correct. At one time he was able to point to the then professors 
at the three greater English Universities, as well as the Director of the Geolo- 
gical Survey and his immediate predecessor, aU of them pupils of his own. 

It was a great gathering of his students at University College which, shortly 
before his retirement from the chair there, presented him with his portrait 
painted by Trevor Haddon. In their hands and through their work, in 
addition to the extent and brilliance of his own, Bonney’s reputation is safe. 

W. W. W. 


SIR WILLIAM HADDOCK BAYLISS— 1866-1924. 

WmLMK Maddook Bayliss, by generd cor^nt, was among the most erudite 
and “fee most widely discipHned physiologists of his time, certainly in “SiiiS 
country* and probably in the irodd. Within Ihe realm of science his reading: 
’vm M ttte widest, his knowledge was <x>mpiehensive and his oudook toifed* 
No justice, however, could be done to his worth and hb influence in a memoir 
!to?cenmig itseJf wholly, or even mainly, with his scientific eminence and his 
ii^eH^taal distinction. His quiet genermity, his kindling hfe self-effaemg 
and his simple goodness endeared him to sdl his fellow-phy^lo^t^ 
among them, as he assuredly would have done, workers not only 
, kindred Mologieal sciences but in a wide territory commonly allotted 
to imd chemistry. 

BajS^ was bom at W^olverhamptpn in 1866, hfe father beii% concerned m 
tiie ware.' Mis own indinalicn' directbn 

of comiieri^ he wm apprenticed to a doctor; be nievor inWted hfe 
qualification, Ihub on the ofter hand, he i^ver lest onifeok in life wii^ 
made him ooi^ider the way in which ho codid best advanee 
interests of those about hi^ He entered a itndent in 
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1881, when he came under the influence of Ray Lankester and of Burdon 
Sanderson, particularly the latter ; and so, Burdon Sanderson having been 
appointed to the Chair of Physiology at Oxford in 1883, Bayliss followed him 
thither a couple of years later. 

At Oxford, Bayliss’s undergraduate days were spent at Wadham College, of 
which college he ultimately became an Honorary Pellow, and in the years which 
followed the taking of his degree he did some teaching in the Department of 
Physiology. With that exception his whole active life was spent at University 
College, London, first under Schafer and then for rather more than the period 
during which Starling was JodreU Professor of Physiology. Throughout the 
whole of that time Bayliss’s main occupation was research ; in 1912 a special 
chair of General Physiology was created for him ; this he held for the remainder 
of his li£e. On several occasions, however, he deputised for Starling ; thus 
during the War it was the more easy for Starling to be absent on active service, 
and later to be spared for service in a Commission to India. 

The earliest researches which Bayliss conducted were on electro-physiology — 
a fact which was perhaps attributable to Sanderson’s influence. Yet at the 
outset it was electro-physiology of the higher type, that is to say, it was 
Physiology ” rather than electrical.” The fascination to Bayliss lay, not 
in the manipulation of delicate instruments, but in the investigation of living 
processes. Not that Bayliss was uninterested in apparatus — one of the most 
vivid recollections which any visitor to his home would carry away would be 
that of his private laboratory, small in dimensions, but packed with apparatus 
to so great an extent that the guest could but with difficulty make his way 
around. 

Much of Bayliss’s work was carried out in collaboration with others, his 
first contributions to the * Journal of PhysiQlogy ’ being papers published 
jointly with Bradford on the electrical phenomena exhibited by the salivary 
glands. This work, like most work on the salivary glands, was never really 
driven home ; perhaps because there was a good deal of scope for individual 
interpretation in the results obtained, but I think also for another reason, 
which is further from the surface, and of which the authors were probably 
not conscious. In those days, which were about the late eighties, antagonistic 
nerves held a prominent place in the physiological thought of the time, and 
the actions of the chorda tympani and of the sympathetic respectively on the 
salivary glands seemed, if fully understood, to form a hopeful avenue of approach 
to the comprehension of living processes generally. With the march of 
time, it has become increasingly apparent that the submaxillary gland of the 
dog, so far from being a type of all living matter, is something very special — 
almost anomalous — ^and therefore that the key of life is more likely to be found 
elsewhere. Just as Langley passed by a natural transition from the 
histological study of the submaxillary gland to that of its innervation, and 
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thence to the autononuc system as a whole, so Bradford and Bayliss forsook 
the salivary glands, the former to carry out researches on the innervation 
of the viscera, and notably that on the innervation of the pulmonary vessels — 
a research which has so admirably stood the shock of time. Bayliss, on the 
other hand, passed to the physiology of the circulatory system — ^first the 
electro-physiology of the heart, and then the study of the circulation in the 
larger sense. 

The work on the heart was carried out jointly with Starling, and this was 
the commencement of a collaboration which extended over most of Bayliss’s 
subsequent life, and was attended with the happiest and most fruitful results. 
To attempt any analysis of the precise contribution of each collaborator to the 
result would be an effort certainly invidious, and probably unsuccessful. like 
the collaboration of Heycock and Neville on the constitution of alloys, it was 
one in which the alliance of two men of complementary genius achieved the 
very highest result ; let that suffice, as indeed it did for the Council of the 
Boya! Society, when they sought an ex cathedra statement of the researches in 
the Croonian Lecture of 1904. That lecture was given by “ Bayliss and Starling/' 

The joint work of these authors reached its highest point when they 
discovered secretin," for that discovery must, as it seems to me, ever rank as 
one of the landmarks of physiology— the discovery not merely of a new thing, 
but of a new process of life. Whilst “ secretin " was the high-water mark of 
their joint work, Bayliss and Starling carried out researches of great importance 
over a very wide range, e.g., the flow of lymph and the movements of the 
intestine. 

As Bayliss was unencumbered with administration, whilst Starling bore the 
burden of a large department, it followed that Bayliss had time to spare from 
their joint work to cany out research^ of his own. These at first were con- 
cerned with the circulation, and foremost among them may be mentioned his 
work on vaso-inotor reflexes — a subject which embraced a number of researches 
on more specific subjects, of which some were of first-rate importance, and 
others (as in the case of all comprehensive work) were of the nature of “ spade- 
work." Included in the work on vaso-motor reflexes, and demanding rather 
special mention, were his papers on the depressor nerve, on antidromic fibres, 
on the nature of vaso-dilatation and on the influence of strychnine. 

With the advent of ihe chemical era in physiology, Bayliss became attracted 
to that side of the subject, and when not engaged in joiut work with Starling, he 
carried out research^ on such subjects as feiment action. Before the end 
of bis career, his name became so identified with the chemical outlook on life, 
that in America, clubs were formed called Bayliss 0 u1b,” for the object of 
viewing life from the angle of chemistry. 

The great influence which he wielded in this field of thou^t was due rather 
to his point of view, and to the completeness of his presentation of it, than to 
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the importance of his own physico-chemical researches. His active interest 
in physiological chenaistry, so far as it is reflected in his writing, commenced 
about 1905, by which time the pioneer work in the subject had been largely 
accomplished. The new century had brought a new spirit into the biological 
sciences : this spirit found its expression in Bayliss^s great book, ‘ Principles of 
Greneral Physiology.’ Those whom that spirit had already touched found in the 
book a welcome and concrete expression of much that they felt : to the body of 
younger men, whose minds after the War were turning to philosophic matters, 
the book was in the nature of a revelation. 

Just as in his earliest researches, his eye had been fixed steadily on life, 
and not on electrical phenomena, so now, in his later life, it was not the chemistry 
which gripped him, but the light which it shed on life. Bayliss was not a 
physiological chemist, he was a chemical physiologist, and it is not without 
significance that, in the wording of the title (‘ Principles of General Physiology ’) 
of his book there is no direct allusion to chemistry, though it is the most 
comprehensive work in English on the processes of life, viewed from the 
physical and chemical standpoint. 

So much for the nature of Bayliss’s outlook ; a further word must be said 
about its scope. ‘ Principles of General Physiology ’ was first published in 
1914, and ran through four editions before the date of his death. There can 
be no doubt of the debt which the physiologists — ^both teachers and students — 
of the past decade owe to Bayliss for the work, or of the influence which it 
has exerted upon the generation which has read it. Bare indeed will it be 
in the future to find a man possessed of the leisure, the industry, the critical 
ability, the breadth of view and the experience of research necessary for the 
production of such a volume. Indeed, just because knowledge is ever increasing, 
this book may be the last of its kind. It is significant that when the time 
came to revise the work for the current edition, Bayliss being too ill to under- 
take the task, each chapter required tiie skill of an expert in the subject with 
which it dealt. I imagine there is not one of those experts but would have 
declared himself incapable of revising the whole work with any degree of 
authority. 

But when all has been said about Bayliss’s intellectual outlook, there remains 
the fact that his usefulness was as much the offspring of his character as of 
his intellect. In spite of his many distinctions, no man was more approachable, 
especially by the young. Bayliss loved to have young physiologists about 
him, and they loved his company. His knowledge, though exhaustive, was 
never overbearing, and his genius was never frightening — ^probably because 
his mind did not work rapidly. He argued a point slowly, sometimes almost 
tediously, making quite sure of his ground as he went \ and in many cases 
appreciating discrepancies in the argument which might easily be passed over 
by a less cautious thinker. 
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Mucli of Bayliss's work entailed operation on animals, and it was a singular 
irony tkat this kindliest of men skould have been tbe cbosen butt of the 
anti-vivisection movement. So far did matters go tbat Bayliss found himself 
forced to seek the protection of the Court, and the animal, the operation on 
which was used as the test case, became almost classic. 

Bayliss received the honour of knighthood in 1&22. He held the following 
degrees and distinctions : M.A. and D.Sc. (Oxon) ; Hon. LL.D. (St. Andrews 
and Aberdeen) ; Hon. Member of the Danish Academy of Science ; Corre- 
sponding Member of the Soci4t4 de Biologie (Paris), and of the Eoyal Academy, 
of Belgium ; Member of the Council of the Eoyal Society, 1913-15 ; Croonxan 
Lecturer, 1904 ; Eoyal Medal, 1911 ; Copley Medal, 1919 ; Baly Medal of 
the Eoyal College of Physicians, 1917. He delivered the Oliver Shaipey 
Lectures in 1918, the Sylvanus Thompson Lectures in 1919, and the Herter 
Lectures in 1922. 

Bayliss ’s activities during the War were by no means limited to executive 
and teaching work at University College. He sat on numerous conamittees 
of the Eoyal Society and of the Medical Eesearch Council, but more 
particularly he was interested in, and worked at, the subject of surgical 
shock. To meet this condition he suggested the intocavenous injection 
of a 5 per cent, solution of gum-acaoia in Eingers Solution. The extent to 
which the treatment was used may be gauged from the fact that in the summer 
of 1918 over 5,000 litres was sent forward to the Army throng the Base 
Hospital at Boulogne. 

It is perhaps out of place to say much here of Bayfe’s domestic life. He 
was bom in 1866, and in 1893 he married Gertrude StarHng, the sister of 
Prof. Stitrling. Bayliss and his wife lived at Hampstead in a large house — 
as the houses of professional men go — surrounded by grounds which were a 
^jeat source of pleasure to him. Their hospitality was unfailing; no 
physWo^t, young or old, but was made welcome — ^at least if there was such a 
one I do not know it — ^and this hospitality extended far beyond tire bounds of 
science. Both were interested in the social conditions of those around them, 
Bayliss presiding over the local Liberal organisation. Bayliss was a fmquent 
contributor to Natwe and other periodicals on subjects of pssing interest, 
scientific and otherwise. Such subjects were the use of cocaine, tire kum aro 
feffiing of meat, and tiie like. He and Lady fttylfes were soMtous about tiie 
labour conditions of the employes in the family business at W<dverhampton, 
of wHch Bayliss was one of the directors, tibough he did not take a very active 
part in tire company's affairs. 

Scientific life was the atmosphere in which Bayliss was thorou^y at home ; 
he loved tiie occasions on which scientific men met iugeiher. He was frequent 
in attendance at the meetings of the Eoyal Socieiy, and no meeting of tiie 
Physiological Society or Physiological Oongrass found him absent, until his 
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last and only serious illness. Of tlie Physiological Society lie was for many 
years one of the secretaries, and, on the death of Augustus Waller, Bayliss 
became its treasurer. 

In Bayliss’s scale of values pageantry stood for little ; science, and especially 
scientific fellowship, for much. The relative importance of things to him is 
illustrated by a story, which is in keeping not only with his view of what is 
important, but with the simplicity of his mind. Summoned to a ceremony 
of public honour to himself, having a claim of precedence such as few would 
think of questioning, Bayliss sought to excuse himself on the ground that the 
Physiological Society met on the date appointed. His innocence of ceremonial 
convention was as characteristic as his devotion to the Physiological Society, 
which held, indeed, a central place in his interests. 

Some of us have visual memories, and to such visions will arise of Bayliss 
in situations of many sorts, in the laboratory, at Society meetings, in his home, 
entertaming his friends, taking part in the discussion of some controversial 
scientific problem, presiding at a committee where widely different opinions 
are being expressed ; sometimes mirthful, sometimes serious, sometimes 
pensive ; but through aU moods and in all circumstances there ran one common 
factor of even-handed equanimity and good humour— there ran the desire for 
liberality to those less favoured in circumstances than himself, the desire 
for generosity towards those with whom he differed in scientific discussion, 
the desire for helpfulness to those who sought his aid. No man more con- 
sistently esteemed others more highly than himself. 


J. B. 
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AETHUE DEKDY— 1866-1925. 

Arthur Bendy was born on January 20, 1865, at Patricroft, near Mancbester. 
BSs father was the Eev. John Bendy, B.A., a Unitarian Minister, and his mother 
was the daughter of another Unitarian minister, the Eev. John Kelly Beard, 
B,B., so that Arthur Bendy inherited a tradition of culture from both sides 
of the house. Bos mother seems to have been an exceedingly clever, well- 
educated woman, who had enjoyed exceptional educational advantages, owing 
to the broad and liberal outlook of her father. 

When Arthur Bendy was three years old tlj^ family moved to Worsley, 
and the first school which he attended was that of Mr. Clegg at Eccles, near 
Worsley ; subsequently he entered Manchester Grammar School, and then in 
due time he matriculated into Victoria University (then Owens College). 
As was to be expected from his early training and associations he was at first 
on the classical side of the college ; but he never evinced much taste for ancient 
literature. In the course of his college career he came into contact with that 
brilliant pioneer of modem embryology and morphology, Prof. A. ICInes 
Marshall, and was fired by him with an enthusiastic devotion to natural history 
which lasted for the rest of his life. He was the first alumnus of the newly 
established Victoria University to receive the B.Sc. degree. 

After taking his degree he went to London in 1886, when only tweniy-one 
years of age, in order to assist Br. S. 0. Eidley in working out the Challenger 
Collection of Sponges. When Mr. Eidley retired from the British Museum next 
year. Bendy was given a permanent position on the staff and had entire 
responsibility for the Challenger Sponges. Accidents of this kind often determine 
the whole trend of a scientific career, and sponges were throughout Bendy^s 
life the main object of his researches and evidently had, of all flie animal 
groups, the strongest holfl on his affections. 

In 1887, he was asked by Spencer, recently appointed Pfeojfessor of Zoology 
in Melbourne, to become his demonstrator. He accepted this jpost and sailed 
for Australia in 1888, and he remained on the staff of Ifelboume Universiiy tiff 
1894. His fiancee, Miss Ada Oourtanld, followed him to Melbourne, and th^ 
were married there in 1888. In 1894 he was appointed lecturer in Biology m 
Canterbury Oolite of the University of Hew Zealand, which fe irituated in 
the town of Christchurch. Thfe post was subsequentiy fesiasfoimed into a 
professorship, which Bendy held till 1903, when he was appointed Professor 
of Zoology in the South African College, at Capetown. In 1906 he was 
appointed to the chair of Zoology in King^s College, Univer^ly of London^, 
and he remained in this post until his death in 1925. 

For some years he had suffered from intestinal trouble, and finaEy in Api3» 
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1925 lie determined to undergo an operation. This was performed wi-^ 
appLnt success, but he succumbed two days afterwards to. unforeseen compb- 

JLnswhicbsuddenlysupervened. His many friends may derive a melancholy 

consolation from the information that the lesions disclosed by the operation 
were so serious that had this never been performed his life could not have been 
prolonged for more than three or four months. He is surmved by to 
^dow^and three children (one son and two daughters). The elder daughter 
married Mr. Austen Lane Poole, PeUow of St. John’s CoUege, Oxford and 
lecturer in History; the younger became the wife of the Rev. E. Leeke o , 
Hempstead, whilst the son settled m South Africa. 

K Dendy had been asked what he considered to most important contri- 
bution to knowledge, he would undoubtedly have referred to his mv^tigations 
on the morphology and classification of sponges. This group was the subject 
of his first research, and his last paper which is about to be published in th 
‘Quarterly Journal of Microscopical Science’ also deals with sponges. 

The sponges, however, form so isolated a group, which throw so httle light 
on the OTigin and evolution of the higher groups, that to other researches 
awakened a far wider interest amongst zoologists in pneral. Amongst 

specialists in sponges, he enjoyed a Hgh reputation “T 

by them for two outstanding accomplishments, viz., (1) the thoro^h investi- 
gation and classification of the Calcareous sponges ; (2) the study of the 
development of the spicules of Siliceous sponges, and the consequent re-classifa- 
cation of the Monaxonida. He gave strong reasons for believing that amon^ 
Calcareous sponges the passage from the thimble-shaped sycomd ^amber 
to the rounded “leuconid ” one had been made many times, and that ^e cri^t 
or “ cortex ” of the sponge with its varying arrangements of spicules afforded a 
better basis for classification than the shape of the chambers. Amongst , 

■ Siliceous sponges he showed that “tetraxonid” and “monaxonid sponges 

were reaUy varianis of the one type, and should be included m one order. 

Though primarily interested in sponges, Dendy regarded his sojourn in the 
Southern Hemisphere as imposing on to the duty of studymg the jieeuliar 
and interesting forms of life found there. Whilst in Australia he foimd an 
described an egg-laying species of Peripatus, that most primitive of ah artto 
pods, a far-reaching discovery which has not yet been fuUy followed up. i e 
late Prof. Sedgwick registered one of the greatest advances in comparative 

anatomy when he elucidated the structure and development of the Cape species 
of Peripatus, and thus placed the mutual relationships of the Annehda and 
Arthropoda on a sound basis. But the eggs of this species undergo ^eir 
complete development within the maternal body, and the earlier stages tove 
become profoundly modified in consequence ; and by the study of these. 
Prof Sedgwick was led to strange and, we cannot but think, erroneous con- 
clusions. H and when Prof. Dendy’s discovery is foUowed up, we shall be m 
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a position to correlate muct more accurately the development of Peripatus 
with that of other Axthropoda. 

Dendy described also the interesting land nemertines and planarians charac- 
teristic of Australia, and the ferocity and voracity of the latter group, though 
apparently defenceless animals, were vividly described in a paper which the 
writer of this notice heard him deliver to the London Zoological Society. 
When, however, he migrated to New Zealand, he laid all zoologists under the 
deepest obligations of gratitude to him for his fine work in collecting, preserving 
and examining the developmental stages of that primitive reptile the tuatara 
(Sphenodon), one of the relics of the Mesozoic fauna of New Zealand. The 
development of this form, by far the most primitive type as yet described 
amongst the Eeptilia, was partly studied by Dendy himself and partly by his 
pupils after he became professor in London. The results of these researches 
threw valuable light on the primitive segmentation of the brain, the nature 
and development of the pineal eye, and the homologies of the ear ossicles. 
In addition to this important subject, Dendy discovered and described an 
extraordinary type of floating hydroid (Pelagohydra) the structure of which 
enables us to understand the origin of the Siphonophora. 

Prof. Dendy was a really splendid lecturer who created much enthusiasm 
amongst his students and built up a first-class school. He was elected a Fellow 
of the Eoyal Society in 1908, and served on the Council during the years 
1916-1918. He was appointed a member of the Committee to investigate 
G-rain-pests, a subject of first-class importance during the War, when the depre- 
dations of weevils and other insects were causing much anxiety by their efiects 
on our stores of food. He discovered that by enclosing the grain in air-tight 
bins these insects could be destroyed. 

He was a Fellow of the Linnean Society, and was Zoological Secretary of 
that Society from 1907 to 1912. He took an active part in the affairs of the 
University of London, and for the last four years of his life he was a member 
of the Senate. 

During his later years he took a greater interest in the wider implications of bio- 
logical science, and his book ^The Outline of Evolutionary Biology ’ ran to three 
editions, and in 1924 he published ‘ The Biological Foundations of Society/ 
One of the last places where the writer had the opportunity of friendly inter- 
course with him was at the summer meeting of the Aristotelian Society at 
Beading, in June, 1924, when he spoke on the inheritance of mental characters. 
His death leaves a gap in the ranks of London zoologists which it will be 
dijficult to fill. 


E. W. M. 
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FEANK EVEES BEDDAED— 1858-1926. 

Feai^k Evers Beddarb was born at Dudley on June 19, 1868, and died in 
Ms house at Hampstead very suddenly, of a heart attack, on July 14, 1925. 
His father, a prosperous business man, had died young, leaving a widow with 
two children, Beddard and a sister, in comfortable circumstances. Young 
Beddard was educated at Harrow and New College, Oxford. His early tastes 
were for collecting moths and butterflies, and he was not specially distinguished 
at school. Under Eolleston, at Oxford, he took the old undivided course in 
Natural Science, but paid most attention to zoology, graduating with second- 
class honours. He was an early devotee of the Mgh bicycle, and made many 
collecting holiday trips in tMs country. He also spent most of his vacations on 
holiday tours in Germany, France and Spain, acquiring a useful knowledge of 
foreign languages. 

Soon after taking his degree at Oxford, he was appointed to the stafE of 
naturalists engaged, under Sir John Murray in Edinburgh, in working out the 
collections of the “ Challenger ” Expedition. Beddard was assigned the 
Isopod Crustaceans, and the results of Ms work appeared in vol. 11 (1884), 
and vol. 17 (1886) of the ‘‘ Challenger ” Eeports. They were recognized as 
accurate and careful work, and at once gave their author an established rank 
among descriptive zoologists. In Edinburgh, also, he began to take an interest 
in earthworms, the group in wMch Ms most important work was done. 

In 1884 he was appointed Prosector to the Zoological Society of London, a 
post wMch he retained until he retired on pension in 1915. Soon after coixiing 
to London, he married, and the young couple settled first at Ealing and after- 
wards in a flat in London. Disparity of tastes, however, made the menage 
unsuccessful, and after some years Beddard, with the son and daughter of the 
marriage, lived with Ms mother until her death in extreme old age, after wMch 
the three again settled in London. These domestic circumstances are related 
because they were the first cause of a sense of grievance against life wMch 
increased with age, until it became almost a mania of persecution. Apart from 
the subject of Ms wrongs, Beddard was a charming companion, with a fund of 
amusing anecdote that made him a welcome neighbour in clubs or social 
gatherings. For a large part of Ms life he was a harder worker than persons with 
more ordinary habits could guess. He rose very early, and was usually at his 
table in the Zoo Prosectorium before 8 a.m. On many days he lunched at the 
Gardens, taking Ms notebooks into the restaurant, then worked until 4, when he 
went home, wrote until an early dinner, again worked after dinner, going to 
bed at 9. When the routine was broken by Ms going to a club to lunch, he 
already had a good morning’s work behind him and could linger in apparent 
idleness long after the ten-to~four men had ostentatiously hurried away. In 
later life, naturally, he was easier with Mmself . 
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During the greater part of Beddard’s tenure of the Prosectorshipj there was 
the unfortunate tradition that the Prosector must always be ready with a paper 
for the fortnightly Scientific Meetings of the Society. P. L. Sclater, moreover, 
his ofiicial chief, was interested mainly in systematic zoology, and not being an 
anatomist himself, was over-ready to believe that even a hurried dissection 
would settle doubtful points in classification. The double pressure led Beddard 
to produce far too many short papers, and to draw systematic inferences from 
dissections of single species or even single organs in species. It cannot be said 
that his output in any part of vertebrate anatomy had a value at all com- 
mensurate with its bulk. A volume on the ‘ Structure and Classification of 
Birds,’ published in 1895, brought together much useful information ; one on 
‘ Whales ’ (1900) was pleasantly written ; his volume on ‘ Mammals in the 
Cambridge Natural History ’ was a sound and useful compilation. Several 
others need not be mentioned. 

Beddard’s permanent place in Zoology depends on his great ‘ Monograph of the 
Oligochaeta ’ (Oxford University Press, 1895) and on the prolonged researches on 
which it was based. There were already in existence accoimts of the group 
published by P. Vejdovsky in 1884 and L. Vaillant in 1890, but both of these 
writers had rather neglected the literature on the subject, and subsequent to 
their volumes very much new information had been obtained by the study of 
collections from most parts of the world. Beddard had himself dissected and 
examined nearly all the important types that were known, and had searched the 
literature carefully. The general account of the anatomy he gave was much in 
advance of that of any of his predecessors, and his systematic descriptions were 
clear and well arranged. 

For some time Beddard was editor of the ‘ Zoological Eecord.’ He was 
lecturer on Biology at Guy’s Hospital Medical School, and gave many popular 
lectures on zoological subjects at the Gardens and in provincial towns. From 
1900 to 1903 he acted as Assistant-Secretary to the Zoological Society, and when 
P. L. Sclater retired was a candidate for the post of Secretary. Notwith- 
standing his personal popularity and his long connection with the Society, he 
did not press his claims in face of a general opinion, which he hiTnaftlf frankly 
shared, that he was not well adapted to the continuous duties of administration 
of a large organisation. In 1 902 he issued a List of his Contributions to Zoology, 
in which he was able to cite 239 separate papers and nine books. Subsequently 
he wrote a number of papers, chiefly on reptilian anatomy and on cestodes. 

He was elected to the Fellowship of the Eoyal Society of Edinburgh in 1883, 
to the Eoyal Society in 1892, and he also had the Gold Medal of the linnean 
Society conferred on him. 


P. G. M. 
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JAMES SYKES GAMBLE— 1847-1925. 

James Sykes Gambee was bom on July 2, 1847, at 7, Duke Street, Portland 
Place, London, and be died a few days after an operation at Tbe College 
Hospital, Haslemere, on October 16, 1926. He was tbe second son of Dr. Harpur 
Gamble, E.N., M.D. Edin„ and Isabella Sykes. His early years were spent in 
London and be was educated at tbe Eoyal Naval School, New Cross, under 
tbe Hon and Rev. Dr. T. Cbambers, starting bis school career as early as 1855. 

’ BSs maibematical tastes soon developed and in 1863 be was awarded tbe 
Silver Mathematical medal, followed in 1864, by tbe Gold Medal. This same 
year be obtained a Demysbip in mathematics at Magdalen College, Oxford, 
and commenced residence in 1866. Here bis matbematioal ability was rewarded 
by bis being placed in tbe 1st Class Matiiematical Moderations, in May, 1866, 
and be gained a 1st Class in tbe Pinal Schools in December, 1868. In tbe same 
year be sat for the Indian Civil Service examination, bis place in tbe list being 
just below that of tbe last accepted candidate, and, in February, 1869, be 
received an appointment in tbe Indian Forest Department, being placed first of 
tbe eight successful candidates. 

As soon as Gamble bad obtained his Forestry appointment he was sent to 
tbe great Forest of Haguenau, in Alsace, where he studied forestry under tbe 
Inspecteur des Foi6ts, M. Clement de Grandprey, whom be found a most ener- 
getic and iospiring chief. Here with three other of tbe selected candidates 
be spent eight months, and then was passed on, in October 1869, to tbe ificole 
Imp4riale ForestiSre, at Nancy, as a member of tbe 46tb Promotion. Tbe 
course at the Forest School at Nancy was one of two years, but when tbe war 
with Germa:^ broke out, in July, 1870, Gamble joined a brother who was 
mountaineering in Switzerland, where be found greater interest in collecting 
alpine plants than in mountain climbing. After touring through Northern Italy 
and across tire Adriatic to Trieste and Vienna, and so up tbe Danube, Ga^nble 
was recalled by tbe India OflBce, and sent with tbe others to join tiise men of 
tbe nex6 year who were at St. Andrews XJiiiversity. 

When peace between Prance and Germany was signed, in tbe spring of 1871, 
he went back to Nancy to complete his course of training and received bis 
orders for India in October. Before leaving for in November, 1871, 
be was ordered to report to Calcutta, and was desired by tbe India Oj05.ce to 
take out Wardian cases of Ipecacuanha plants for tbe Botanic Gardens there. 
This necessitated a visit to Kew where, under tbe guidance of Sir Joseph 
Hooker, be first became acquainted with tbe Gardens and Herbarium, of which 
be was destined later on, when on furlong and after be retired, to see so milch. 

At Calcutta be received orders for Burma, and was sent to Myanoung, then 
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the headcjuarters of the Tharrawaddy Division. The divisional officer was 
Major W. Douglas, an old friend, who when on leave a little while before, had 
spent a month or so at Nancy to see the work of the Forest School. 

In August, 1872, Gamble was transferred to Bengal. The Lieutenant- 
Governor, Sir George Campbell, saw Gamble on his arrival in^Oalcutta, and 
instructed him to go to the Darjeeling Distnct and report on the plantations 
both in the hills and in the Terai. Gamble submitted the reports required and 
remained in charge of Darjeeling till it was subdivided, and was then trans- 
ferred to be Assistant Inspector-General of Forests. 

When in December, 1872, Dr. Schlich, the new Conservator, arrived, Gamble 
went on tour with him in the district before being posted to the Darjeeling sub- 
division, where he commenced a valuation survey, the results of which were 
published in the Bengal Annual Reports for 1872-7S and 1873-7i, While the 
work was in progress he contracted fever in April, 1873, and had to be sent 
to Darjeeling, but in June he returned to the Terai and completed the surveys. 

In January, 1874, he attended a Conference of Forest Officers at Allahabad, 
drawing up the Report, and in March was given charge of the Gooch Behar 
District and was promoted by Sir George Campbell to Second Grade Assistant 
Conservator of Forests, a notification wHch> for administrative reasons, the 
Government of India felt constrained to cancel. 

From June, 1874, to August, 1876, while engaged in the ordinary work of the 
Darjeeling Division* he was able to pay two visits to Ihdependent S ikk i m and 
one to the territory recently ceded by Bhutan, as well as to prepare for publica- 
tion his first and very useful book, * Trees, Shrubs and Climbers of Darjeeling 
and Bengal.’ 

In 1876 he was summoned to Simla to serve as joint Secretary to the Com*- 
mittee which prepared the first Forest Code for India* Soon after he returned 
to Bengal he was appointed, in April, 1877, Assistant to the Inspector-General 
of Forests, and went to Simla to take charge, in which appointment he renaained 
until January, 1879. 

During the winter of 1877^78 he was engaged witti the preparation of fihe 
collection of Timber and Forest Produce for the Paris Eadubirion of 1878. and 
while thus engaged brought together material for Hs admirable ^ Manual of 
Indian Timbers,’ published some years later. His interest in wood structure 
he owed, as he has himself testified, to the inspiration of the distinguished 
Prof. Matibieu, while a student at Nancy, where the well-arranged collection of 
woods in the wood chfilet in the school garden stimulated him to carry outwork 
on similar lines when he went to India. 

Sic D. Brandis, who was always sparing in his praise, wrote the foBowing 
appreciation of Gamble’s work in the Preface to his book : — 

‘‘ After despatching these collections I considered how to utilize tire result 
of our labours for the benefit of Indian foresters, and I proposed to the Gtovem- 
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ment of India that Mr. Gamble should be entrusted with publication on 
Government account of a Manual of Indian Timbers. The result has been the 
excellent handbook, which appeared in 1881, describing the structure and 
properties of the timber of 906 species, with notes regarding the distribution 
of the trees, tl^pir rate of growth and other matters. Since then Mr. Gamble 
has been indefatigable in collecting specimens of timbers not included in his 
Manual, examining them on the system established in 1877-8 and revising the 
descriptions previously made. The second edition of ^ Indian Timbers,’ 
published by Iiitu on his own account in 1902, contains descriptions of 1,450 
species illustrated by excellent photographs, which greatly enhance the value 
of the work. This second edition is an entirely new book ; it is based upon the 
intimate knowledge of the species constituting the Indian forests, which the 
author had acquired during his long service on the forests of Burma, Bengal, 
Madras and North-West India. He has greatly enlarged the notes on the 
geographical distribution and on the economic uses of the different species and 
has added notes on their modes of growth, their sylvicultural requirements and 
their treatment in the forest. The suggestion made on p. xix of his Introduction, 
that keys of the distinguishing characters of timbers, as far as they can be seen 
with the aid of a good pocket lens, be prepared for the trees found on limited 
areas, should be borne in mind by the authors of local Forest Floras.” 

Sir W. T. Thiselton-Dyer, a few years Gamble’s senior at Oxford, refers to 
‘ The Manual of Indian Timbers ’ as a unique and classical piece of work, which 
secures him a position without a rival in the history of Indian botany. 

In January, 1879, Gamble acted as Conservator of Forests, Bengal, in place 
of Dr. Schlich (on leave), and was then able to make tours of inspection in 
the forests of Ohutia Nagpur, Chittagong, the Duars, and Singbhum. During 
these journeys he lost no opportunity of making collections of plants, and 
devoted aU his spare time to the careful pressing and labelling and 'writing up 
of his collections. 

In the autumn of 1882 he visited the Santhal Parganas, and on his return 
was transferred to the Madras Presidency as Conservator of Forests, Northern 
Circle, taking up his duties on December 22, 1882. This was a new circle 
which Gamble had to organize, and with Brandis, who was then in Madras, he 
visited the Nilgiris, seeing the plantations at Ootacamund, Coonoor, etc., 
later touring the ceded districts, and traveUing through Cuddapah into the 
Kumool District. 

Throughout 188S he was busy touring his circle in all directions, writing 
reports and inspecting the progress of forestry work and generally establishing 
the forest policy on sound and lasting foundations. The following year he was 
again in the Nilgiris, and later he carried out an extensive 'tour of his circle 
in the company of the Governor. 

In 1887 he was in England, on furlough, and spent June in Switzerland with 
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Sir Henry Collett, where, as -usual, he made extensive botanical collections ; 
and in July and August he was travelling in Bavaria, the Tyrol and France, 
with Sir William Schlich and forest students. He then spent the winter working 
in the Kew Herbarium, and stayed in England until October, 1888. On his 
return to India he visited Dehra Dun and Calcutta, where he worked in the 
Herbarium, and reached Madras again on December 31. 

Then followed a busy year of touring in his circle, and, as was the case during 
all his journeys, he constantly added specimens both to his General Herbarium 
and to his collection of Indian timbers and of botanical specimens of Indian 
trees. Then came a marked change in his activities, as he was placed in charge 
of the Forest School at Dehra Dun, in 1890. Here his main duty was the 
supervision of the training of the Forest Eangers, and he was, no doubt, able 
to recall much of the excellent Nancy training, to the gr§at advantage of the 
students at Dehra Dun. This position he occupied during the last nine years 
of his service in India until his retirement in 1899. In this year he received the 
C.I.E,, and was also elected a Fellow of the Eoyal Society. 

While he was at the school, Mr. J. F. Duthie, then in charge of the Saharanpur 
Gardens, and Mr. G,‘G. Eogers assisted him in making additions to his Herbarium, 
which by this time had reached a considerable size. He also founded the 
Forest School Herbarium by presenting a set of the plants he had collected 
in Madras, Darjeeling, and elsewhere. 

Throughout the period of his service in India he pursued his botanical 
researches with indefatigable zeal, and ample testimony to the value of his 
labours is afforded by the annotated lists of plants of Darjeeling and Bengal, 
the Gumsoor tract of the Gan jam District in Madras, the Northern Circars and 
the ceded districts, publications which have both facilitated the labours of 
his successors and inspired other forest officers to follow in his footsteps. 

It may truly be said that few forest officers have made more valuable con-feci- 
butions to knowledge than did Gamble, and his general outlook is well illus- 
trated in a letter to Kew, written as late as May, 1926. “ One thing, he wrote, 
“ may, perhaps, be said -with advantage, and that is that, as a forester in 
India, I was strongly impressed with the necessity of a knowledge of forest 
plants for the proper s-tudy of forest sylviculture, and made my collections 
always -with the feeling that the idea, which was held by some, that a forest 
officer need not be a botaiust (I may add zoologist or geologist !) was a great 
mistake.'" 

Apart from the collections he made and received in India, he also oollectsed 
specimens at the Cape of Good Hope in 1890, and both before and after his 
retirement he made extensive collections in Switzerland, Italy, Sardinia, Malta, 
Gibraltar and South Norway. For his more particular studies Gamble selected 
families such as the Lauracece and which needed careful exanoination 

of the flowers, and it was his custom to arrange his dissections for future reference 
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on gummed pieces of paper in capsules or on tlie herbarium sheets. It was 
probably also this liking for dissection which attracted him to study Mosses 
and Liverworts, for it was his intention to study this group of plants on his 
retirement. His other botanical interests however, chiefly his work on the 
Madras Flora, did not permit this to be carried out. 

As has been already mentioned Gamble, in addition to his Forestry work, which 
by itself would have entitled him to a very high place in the roll of scientific 
honour, was also a systematic botanist of rare insight and critical acumen. 

The future of his magnificent 'Herbarium, which contains some 50,000 
specimens, and to which the late Sir George King referred in his address to 
Section K of the British Association in 1899, as “ probably the largest private 
collection of plants ever owned in India,” had been exercising his mind for some 
little time. In Maji of last year Gamble munificently offered his Herbarium to 
Kew, as a gift to the Nation, being anxious that it should not be lost or 
dispersed. This generous gift was gratefully accepted by Government, and 
the bulk of the collection had been received at Kew before his sad and 
unexpected death. The whole collection is now stored in the Kew Herbarium 
and is available for study, and the specimens will gradually be incorporated 
in the General Herbarium in accordance with Mr. Gamble’s wishes. He also 
presented to Kew his very valuable and interesting collection of hand specimens 
of Indian Timbers, which have been placed in No. IV Museum, where they can 
be studied by Forestry students. In addition, a selection of his botanical 
books, enriched with his own annotations, has been presented to the Herbarium 
Libmry by his widow. 

To systematic botany his most important contribution was ‘ The Bambusese 
of British India,’ a monograph involving very careful and critical research. 
His contributions to the ^ Materials for a Flora of the Malayan Peninsula ’ 
are also of high value ; the fiarst of these was the account of the OaprifolicLceca 
which was published in 1903, and was followed by that of other orders of 
GamopetalcB. The date of publication of the last part of Volume IV (Februa^, 
1909) almost coincided with the death of Sir George King, with whom he had 
collaborated, and after that the sole responsibility for the continuaiioh of the 
Flora fell upon Gamble. 

In 1915, when he had completed his Malay work as far as SalicmecB, he was 
asked to undertake the ‘ Flora of the Presidency of Madras.’ He published 
the &rst part at the end of 1915 and succeeding parts in the following years ; 
the seventh, containing the Euphorbiacece^ which was in the press at the time of 
his death, has now been published. Two further parts had been planned by 
Gamble, and it is to be hoped that arrangements will be made for this valuable 
work ix> be completed. 

As a forester, an organiser and administrator, and as a systematic botanist. 
Gamble was equally a man of pre-eminent distinction. To him w:e owe a very 
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great amount of new knowledge, not only about the botany of Indian timber 
trees and their economic value ; he has also added very greatly to our knowledge 
of the Flora of India as a whole. It should be mentioned that he was one of the 
founders of the ‘ Indian Forester/ and acted for some years as Hon. Editor, 
frequently contributing articles on Forestry or botanical matters, and so 
serving to stimulate interest throughout the service. 

As a systematic botanist his published works, especially ‘The Bambusese of 
British India,’ published' in 1896 as Vol. 7 of the ‘Annals of the Royal Botanic 
Garden, Calcutta’ (xvii + 133 + 17 pp-, with 119 ph) ; ‘ The Bamboos of the 
Philippine Islands’ (Philippine Journal of Science, Vols, 5 and 8); his contribu- 
tions to the ‘ Materials for a Flora of the Malayan Peninsula ’ ; numerous 
botanical papers in the Kew Bulletin and other scientific journals, and in 
particular the nearly completed ‘ Flora of Madras,’ and his Herbarium, now the 
property of the nation, afford ample evidence of his outstanding claim to 
distinction. 

Though Gamble’s years of retirement were largely devoted to systematic 
botany, mainly in connection with the Madras Flora, he continued to take a 
keen interest in Forestry. Prom the foundation of the Forestry School at 
Oxford, in 1906, until its establishment on a permanent basis, he delivered an 
annual course of lectures on Indian Forestry to the students. He also maintained 
his interest in the more practical side of Forestry at his home at Highfield, 
Liss, which he purchased in 1897. Here he planted some 72 acres with experi- 
mental plots of species of many exotic trees, the seeds of naany of which he had 
introduced. The trees were carefully tended by Mr. and Mrs. Gamble, and he 
kept exact and detailed records of all the work that had been done on the 
plantations. The collection of hardy Bamboos, and two trees of Queraus 
sermcarpifolia, raised by Gamble from seed and the only ones in Great Britain, 
as well as his fine collection of species of Roses, may be mentioned among the 
phmts of special interest in his charming and interesting garden. 

Both in India and during his retirement he spent an active life, wholly 
devoted to service. His conscientious work and his exactitude in classification 
will stand as a lasting memorial to him in his published works. 


A. W. H. 



SIDNEY HAREIS COX MARTIN— 1860-1924. 


Sidney Maetin was the second son of the late John E. Martin, of Jamaica, 
and was born in that island in April, 1860. He entered University College, 
London, in 1876, and remained in close association with that institution until 
the day of his death, when he was Professor of Clinical Medicine at the College. 

In his student-days he was an active member of the Students’ Medical 
Society, which then included Victor Horsley, Henry Maudsley, Stanley Boyd, 
Frederick Mott, C. J. Bond, F. A. Dixey, and Montague Murray. 

After taking his degree Martin devoted himself to research. His interests 
lay mostly in the chemical aspects of physiology, and he became a pioneer in 
chemical pathology. His first paper, on the papaw fruit and its enzyme papain, 
appeared in the Joiirml ofPhydology for 1885. He was also the first to investi- 
gate the nutritional properties of poHshed rice. This was followed by work upon 
the poisonous proteins contained in castor-oil beans and jequirity beans ; and 
this in turn led to research on toxins and toxic proteins generally. About this 
time it was usual to attribute many poisonous effects of bacteria to alkaloids, 
dubbed ptomaines, and Martin’s early work did much to destroy the fallacy, 
for he found that most of the toxins were really of a protein nature. 

Atthis date bacteriology was little more than an infant science, and it showed 
signs of over-development on its purely morphological side. Martin was, if not 
the first, one of the first to recognize clearly that knowledge of the poisonous 
products of the infective agent was as important as recognition of the causative 
organism itself, and in his Gk)ulstonian Lectures of 1892 he dealt with the chemi- 
cal pathology, especially of diphtheria and anthrax; and for his Croonian 
Lectures, delivered before the College of Physicians in 1898, he took as his subject 
the chemical products of pathogenic bacteria, with special reference to typhoid 
fever. 

For many years Martin was Assistant Physician to the Brompton Hospital 
for Consumption, and he carried out a large portion of the experimental work 
undertaken for the new Royal Commission on Tuberculosis. His. results were 
published in 1895, in Part II of their Report, where he showed that bovine 
tuberculosis was easily transmissible to other animals. The finding of a later 
Royal Commission— that which sat from 1902 to 1912 — ^that the disease was 
communicable to man through tubercular meat or milk, was largely based 
upon Martin’s work. 

Martin was an original member of the Executive Committee of the Imperial 
Cancer Research Fund, and continued a member until his death, representing 
the College of Physicians. In 1923 he became Chairman of this Committee, and 
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the clear statement of the work carried out in the laboratories of the Fund, 
which was published in 1924, was probably his last utterance of importance.- 

In addition to the scientific papers mentioned above, he was the author of a 
book on ‘ Functional and Organic Diseases of the Stomach ’ (1895), and of a 
text-book on General Pathology ” (1903). He also contributed articles to 
Quain’s Didiomry of Medicine and to Allbutt’s System of Medicine. 

Sidney Martin was for two years on the staff of the Middlesex Hospital, and 
then folbwed Victor Horsley as Professor of Pathology at University College ; 
later he became Lecturer in Medicine and finally Professor of Clinical 
Medicine. 

He was twice married, in 1888 to Frances Phillips, by whom he had four 
children, and in 1910 to Constance Emily Coombes, by whom he had one 
daughter. 

Dr. Martin was elected a Fellow of the Society in 1896 and served on the 
Council from 1919 to 1921^ 

W. D. H. 


JAMES FAIRLIE GEMMILL— 1867-1926. 

By the untimely death of Prof. Gemmill, in his 59th year, marine biology loses 
<me of it® most distii^uished representatives in Scotland. Like many other 
eminent sons of Scotland, Gemmill was country born and country bred. His 
father occuped Hfilhead farm, near the village of Mauehline in Ayrshire ; aiMi 
his education was begun in the village school. His mother, whose maidm name 
was Leiper, was the great aunt of another distinguished biolcgist, Profp I*eiper, 
of the Tropical School of Medicine, London^ James Gemmill, who mm showed 
himself to be a laddie o’ pairts/’ was transferred to the Kilmarnock Academy 
from which at the age of 17 he entex^ the University of Gla^ow, and he 
remained connected with this universify for nearly the whole of his professional 
life ; for it was not until 1919, when he was 51 years old, that he was appointed 
to the chair of Zoology in Dundee. 

Gemmill at first specialized in classical studies, and in these he obtained 
the highest distinction which Glasgow University had to offer : thus he was 
awarded the Cowan “ Blackstone ” gold medals in both Greek and Latin, and 
in addition the Coulter prize for the best essay on a classical subject, which in 
his case was “ Empedocles ; his Position in Literature and Philosophy.” But 
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as lie once explained to the writer of this notice, he became tired of classics — 
they did not seem to him to offer scope for further progress and discovery— 
and so after taking his M.A. with honours, he turned to the study of medicine. 
But although in this department he also distinguished himself, taking his M.B. 
in 1894 and his M.D. with honours in 1900, he never attempted to enter general 
practice as a doctor. His heart was in anatomical and embryological research, 
and he became the favourite pupil of Prof. Cldand, who at that time held the 
chair of human and comparative anatomy in Glasgow. Through the influence 
of Cleland he was appointed Lecturer in Embryology, and though lecturers in 
embryology in Scotland generally specialize in human embryology, Gemmill 
gave a much wider interpretation to the scope of his duties. He became 
interested in invertebrate embryology, and his lectures gave a survey of the 
whole field of comparative embryology and he succeeded in inspiring his students 
with enthusiasm for research. His cousin, Prof. Leiper, received from him his 
training in methods of research. In 1910 Gemmill was awarded the D.Sc. 
degree for a thesis on the teratology of fish. Undoubtedly, however, 
Gemmill’s greatest service to science was the part which he took in founding 
the Marine Biological Station at Millport on the Isle of Cumbrae in the Clyde. 

The astounding richness of the Clyde marine fauna had long been known ; 
indeed, the Pirth of Clyde with its tributary lochs form a regular marine 
zoolo^cal garden. The late Dr. Anton Dohrn, founder of the Naples zoological 
station, visited the Clyde before that station was begun, and seriously considered 
transferring his activities to Millport. A fine amateur naturalist of the old 
school, Dr. Eobertson, of Glasgow, after his retirement from business,, 
had settled down in Cumbrae and devoted himself to systematic work. 
In co-operation with Sir John Murray, of the Challenger Expedition,, 
Dr. Eobertson succeeded in getting the “ Ark,” a wooden building erected 
on a barge, brought to Cumbrae as a temporary laboratory. This make- 
shift ‘‘ station ” was visited by the writer of this notice in 1895 and in 1896, 
and it was on one of these occasions that he first met Dr. Gemmill. A moven^ll 
was begun at that time to collect funds for the erection of a permanenl^^^^^n, 
and for this purpose the “ West of Scotland Marine Biological A^fpP^tion ”” 
was started. In this association Dr. Gemmill became the leacMng spirit; 
through his energetic advocacy a large sum was collected, and after a visit to- 
the leading zoological stations of Europe, Dr. Gemmill drafted the plans for 
the new building, which was opened in 1900. The writer, who worked there- 
during the summers of 1911 and 1913, can testify from personal experience 
how admirably adapted to its purpose the station was. Dr. Ge m mi l l became 
President of the Association, and after retiring from that office continued his« 
connection with the Society as Hon. Vice-President. 

The new station was started under great difficulties. Unlike its sister statftli- 
at Plymouth, it had no support from Government or from rich City companies 
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the bulk of its funds were derived from the subscriptions of amateur naturalists, 
and amateurs formed the majority of the membership of the West of Scotland 
Marine Biological Association. Under these circumstances it was not unnatural 
that friction should develop between them and the scientific staff. This came 
to a head in a quarrel at the annual meeting in 1907 and was followed by the 
resignation of the Director and of most of the professional biologists on the 
council. It looked as if the young association was doomed to disunion and 
failure. It was then that Dr. Gemmill, who had been prevented from attending 
the meetiog by illness, stepped into the breach, and by wise and tactful manage- 
ment succeeded in reconciling the amateur and professional elements and so 
started the station on a career of research and usefulness. One feature which 
particularly appealed to the writer when he visited the station was the “ teachers* 
classes.” These were held in a large well-lit room in the upper storey, specially 
constructed for the purpose, and were attended by teachers from elementary 
schools, who thus had an opportunity of studjring marine invertebrates alive. 
No better methods for spreading a love of biology amongst the people in general 
could have been devised. 

Dr- Gemmill devoted himseM especially to the study of the development of 
starfish, for which Millport offered exceptional facilities. Though the main 
features of the change from the bilaterally symmetrical larva to the radially 
symmetrical adult had been worked out in the spedes Asterina gihbosa^ this 
Bpedes has a modified creeping larva with a shortened development. The 
changes undergone by the typical free-swimming Bipinnaria larva in its trans- 
formation into Asterias had never been elucidated, on account of the difficulties 
of rearing this larva and of its lengthy development. Gemmill succeeded in 
overcoming these difficulties and in giving a full and satisfactory account of 
the life-history of this form — an account which will rank as a zoological classic. 
He likewise described the development of Solaster, the sunstar, which like 
Asterina, has a creeping larva, but one of quite a different type ; and he 
demonstrated the unexpected fact that the many arms of this specie are not 
a primitive feature, persisting from times before the typical pentaradiate 
symnietry of the Echinoderm had been established, but a secondary modification 
of that symmetry. 

During the War naval restrictions prevented Dr. Gemmill from continuing 
his work on Bchinoderms, and he then turned his attention to the development 
of Actinozoa, and succeeded in clearing up several puzzling obscurities in the 
life-history of these animals. 

In 1919 Dr. Gemmill was appointed to the chair of zool(^ in Dundee, and 
in 1924 he was* elected Fellow of the Eoyal Society. He never matried, but 
he had a niece to whom he was much attached, who looked after his house for 
him at first in Glagsow and afterwards in Dundee. One evening, returning 
j after attending the University Court at St. Andrews, he experienced the terrible 
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shock of finding this lady — whom he had left in the morning in her usual health — 
lying dead on the floor. The grief occasioned by this loss brought on a 
nervous breakdown ; he was granted leave of absence by the University, and 
his many friends hoped that he was recovering, when he was found drowned 
in the Tay at Dundee. 

E, W. M. 
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